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RESOUmCNS  OF  THE  JOINT  MEmNG 
U.S.-J]ffilN  BAMEL  ON  WDD  «■>  SEISKZC  ETOCIS 

Nsy  24  -  27,  1977 


Thft  fiollewlng  cemlutions  for  future  activities  of  this  Joint  Pandl  are  herdby  resolved: 

1«    The  Ninth  Joint  Meeting  was  an  extr^oely  valuable  opportunity  to  exchange  technical  infor- 
nstion  Mliich  was  beneficial  to  both  countries.    In  view  o£  the  iniportance  of  cooperative 
pcoqra^s  on  the  subject  of  wind  and  seianlc  effectSf  the  continuation  of  Joint  Panel 

Meetings  is  considered  essential. 

2.  Ihe  exchange  o£  technical  information,  ecfiecially  revised  codes  and  flpecifications  rele- 
vant to  wind  and  seismic  effects  shall  be  encouraged. 

3.  The  ooppeiative  research  prograns  including  exchange  of  personnel  and  equipnent  should  be 
pronoted* 

4.  Considerable  advancenients  in  various  Task  Ccnmittees  were  observed,    ihese  activities 
Should  be  encourage  and  continued.    Correspondence  between  Itek  Ooonittee  Chaimen  should 
be  eneouragedr  and  additional  meetings  should  be  held  as  required. 

5«    Progran  agenda  for  future  Joint  Meetings  should  be  developed  to  encourage  a  balanced 
number  of  presentations  dealing  with  wind  and  seisRic  effects  on  structures. 

€•    Ihe  Tenth  Joint  Panel  Meeting  will  be  held  in  May  1978  in  Washington,  D.C.    The  specific 
date  and  itinerary  of  the  Meeting  will  be  determined  by  the  U.S.  Panel  with  concurrence 
ty  the  Apan  san^. 
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DISmiBUnON  lUDDiBHt  OP  PBES80RB  AMD  HHID  OVER 

smnomior  t»boqh  piblds 
Shlgflod.  Fujivharm  and  Klyoahl  Kuraahlge 
Itetoaozo'loglcal  Raaear^  xns«l«ut« 

For  preaaura  and  wind  diatrilMitiona  on  the  aea  aurfaca  ovar  typhoon  and  hurricane 
«t««#  nany  tri«la  hav*  bam  propoaad  in  ordar  to  adapt  distribution  ■odala  for  obaww- 
tional  data.   Thasa  nodala  hav*  beam  utiliaad  widely  in  aaiqr  aciantific  and  ta^nioal 
^ppIieatlfNU.  For  axanpla*  thaoratloal  «nalyBi8«  atom  surga,  disaster  •valuation,  pro- 
taetiva  Masaraamnt  against  typhoon  danage#  and  so  on. 

The  above  aodels  proposed  are  siaple  Rodela.   Unfortunately,*  however«  the  better 
adaptation  for  observed  data  raqiuires  nore  ooaiplioated  Models*   HOMSver,  the  advent  of 
the  alaetxanie  ocnputer  haa  broogbt  about  the  iwtbode  idii«9t  oan  ahortan  the  oooputational 
tiaa  trcaMndoualy*   Iberefora,  tiie  modala  no  loagar  have  to  be  aiapla. 

In  thia  paper,  aevwral  new  Bodela  are  introduead  and  their  oharaotariatiea  are  dia- 
eossad.   Than,  basic  differences  between  the  fommlaa  bjf  various  aodals  are  pointed  out 
clearly.    In  order  to  increase  the  accuracy  of  widel  adaptation,  a  technique  of  revising 
the  focwilas  is  discussed*   Taking  into  account  tlie  ocqputation  tins  of  the  electronic 
oospnter,  a  new  nodal  fonml*  le  presented  and  aauwined  by  comparing  it  ifith  other  foxmlas. 

KEYWORDS:    Distribution  Models;  Pressures;  Sea  Surface;  Stationary  Typhoon 
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INTRODUCTION 


PrMsvs*  Md  wind  distrlbatloaa  on  the  sea  surface  over  typboon  <n:  hnrricane  area 
to  ba  ooaplax  in  parfoanlng  detailed  analyais.   Hoifever*  they  can  be  coneidered 
siaiply  aa  circularly  ayMietric.    ihexefoze«  vaay  trials  have  been  proposed  in  order  to 
adapt  diBteibatioa  taodels  for  observational  data.    Iliese  Models  have  been  utilized  widely 
in  namy  scientific  and  technical  implications.    For  euonple*  theoretical  analysis  t  stom 
anrgop  disaster  evaloationr  pcoteotive  aaasnrsaMnt  against  typhoon  daaage,  and  so  on* 
Vhese  models  were  introduced  by  many  researchers  in  Japan,  the  United  States  and  Philippines* 

The  above  models  were  proposed  for  the  puxpose  of  simplification.    Unfortunately r  the 
better  adaptation  for  observed  data  requires  more  complicated  models. 

However,  with  the  recent  development  of  the  electronic  computer,  the  shorter  computa- 
txon  time  has  come  to  be  realized.    Therefore,  the  necessity  of  sinpllfying  the  models  is 
no  longer  a  problem. 

This  paper  attempts  to  reevaluate  the  distribution  models  from  the  above  standpoint. 
We  have  never  had  this  sort  of  discussion,  because  these  models  have  been  considered  as 
conventional  lonrtuias  and  also  there  have  been  many  difficulties  in  computing  the  distances 
bet%feen  the  typhoon  center  and  every  data  position  at  each  weather  map  time. 

The  advent  of  the  electronic  cosfputer  has  brought  about  new  concapta  into  theae 
distrlbutlcn'nodels.   Also#  the  current  practices  require  greater  accuracy  of  adaptation 
for  Qbaervod  data. 

cHMAcmtisncs  op  pnssmB  DisvsiBimoN  poumdia 


typhoon  nodais  proposed  to  da«e,  several  representatives  are  as  followat 
Schloemr  (1954)       P  -       +  flP  ea^  *-toA)  (1) 

Takahashi  (1939)       ^  "  P«  -  +  (YA^)l  t2) 

Bjerknes  (1921)        P  -  P.  -  AP/[1  +  iy/t^)^)  (3) 

Fujita  (1952)  P  -  P^  -  Ap/U  +  iy/y^)^]^^  (4) 

Whve  y  is  a  distanee  fron  the  typhoon  cantor*  F  ahows  pressure  twb}  at  y,  P^  is  equal  to 
P  at  the  typhoon  eenter*  P^  swans  the  average  pressure  value  elong  the  outer  edge  of  tiis 
t^rphoon  area,  and  AP  •  P^  -  P^.        and  P^  are  calculated  stotistieally  fron  weather 
analysis  oaps.    PanuMter  y^  is  defined  individually  in  the  above  fbrflulass    in  (1) ,  is 


eqMal  to  the  radius      where  the  wxiMun  wind  velocity  is  observed*  in  (2)  and  (3) 
asans  y  where  P  •  (P^    P^>/2,  and  in  (4)      i«  •qaal  to  Y,/>^ 

Wind  velocities  within  ^pphoon  area  are  expresssd  in  the  following  equation  (the 
gradient  wind  law)  t 

*..         _  1  3p  f«i 
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where  f  is  coriolls  factor  2  ti  ein  ^,  u  the  rotating  angiaar  velocity  of  the  earth,  ^ 
latitudinal  degree,  p  the  density  of  tin  atansphere,  v  the  greidieat  iflnd  valoci"^.   He  can 
•stlflHita  V  frosi'  Wq,,  (5)  If  we  know  the  praasiira  dietriteition.    Aarafbre,  Bqa.  (1)  throoglh 
(4)  involve  dietributlon  fomulaa  of  wind  laiplieitly. 
Tliair  dharactsristics  ate  shosn  as  follomi: 

Bq.  (1)  is  vsry  oonvanieat  with  rs^ect  to  theoretioal  arrangenent  as  far  as  the 
adaptation  for  data  is  oonaamad.    It  has  a  good  raaiponsa  ovar  tiia  outer  regions  of  the 
tg^phoon  araai  but  it  is  too  flat  to  fit  with  ohaarvad  data  ovar  the  inner  raglons.  (See 
Fig.  1) 

Bq*  (2)  has  also  a  good  adaptation  ovar  the  outsr  ragionst  but  at  the  osntsr*  tJia 
prsssura  gradient  bsoemes  discrsta.    Sharsfors*  ths  calculated  wind  valocity  at  tlia  oantar 
oones  to  be  unraasonabla. 

Bg.  (3)  is  introduced  basically  under  the  rotating  fluid  assusptioa*  so  that  it  has  a 
good  adaptation  ovar  ths  innsr  regions  and  a  bad  adaptation  ovar  tha  outer  regions. 

Bq.  (4)  is  slnilar  to  Eq.  (2)  over  the  outer  regions  and  also  sioiilar  to  Bq.  (3) 
over  the  inner  reglons#  because  it  was  designed  so  as  to  include  excellent  features  of 
Bqs.   (2)  and  (3) .    However,  it  is  hard  to  deal  with  Eq.   (4)  practically. 

In  addition  to  the  above  individual  deficiencies,  they  have  some  coirmon  weak  points. 
For  example,   a  general  typhoon  has  several  stages;   the  developing  stage,  the  mature  stage, 
the  decay  stage,  and  the  warm  cyclone  stage.     When  a  typhoon  changes  its  stage  from  one  to 
another,  the  time  variance  of  its  pressure  distributions  has  usually  come  to  be  remarkable. 
But,  unfort  ur^acely,  the  stage  VLiiiition  was  not  taken  into  account  in  the  above  formulas. 
If  we  introduce  the  following  equation  as  a  general  type  o£  £qs.   (2}  and  (3) , 

p  -     -  to/[l  +  (yAq)^!  W 


idiore  a  is  datarainad  so  as  to  fit  Bq.  (6)  into  the  obaarvad  data.  It  ni^t  be  iapesslbla 
for  us  to  eavxBM  a  tgfptiooa  involving  woqr  stages  by  Bq,  (6) . 

HOW  in  order  to  allsdinata  the  above  weak  pointSf  it  is  nacesssry  to  aake  the  problen 
■ore  distinct.    NtMslyf  let  us  treat  B^.  (1)  through  (4)  In  the  fiollowing  way. 

Bq.  (1)  is  considersd  as  an  integral  form  of  the  following  differential  equationf 

^"-Yo  <P-Po)^  ") 
In  the  sane  manner,  for  Eq.  (2) , 

jj-  (P.  -  P)  fP  -  P^)i  X  «  In  (YAo)  <W 
Also,  for  Bq.  (3), 

Also,  for  Bq.  (4), 

f (X)  -  1  +  (1  +  0^*)'^^^;  X  -  ln(Y/Y  ) 

o 
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Eqs.   (7)  through  (10)  correspond  to  Eqs.   (1)  throuah  (4)  respectively. 

In  Fig.  2,  characteristics  of  Eqs.    (7)  through  110)  are  shown  schematically.     Eq.  (10) 
(Pujita  type)  approaches  to  Eq.    (8)    (TaJcahashi  type)  over  the  outer  typhoon  regions  and 
it  also  approaches  to  Eq.   (9)   (Bjerknes  type)  over  the  inner  typhoon  regions.    On  the 
contra-ry,  Eq.    (7)    (Schloemer  type)  does  not  show  such  a  good  approach  over  the  inner 
regions.     These  characteristics  are  the  same  as  those  shown  in  Fig.  1. 

However,  Fig.  2  gives  us  information  about  an  advanced  formula  which  should  be  a 
hyperbola  having  two  asyco^Jtotes,  Eq.  (8)  and  Eq.  (9).    Bq.  (10)  (Fujita  type)  La  quite 
tiailax  to  auofti  an  advaaoad  nodal,  but  it  ia  not  a  taypaxtelA.   Bathar,  It  ia  a  tranaoandantal 
curve  havliig  aone  castxictione.    It  ie  daeirAbla  that  the  advanced  mdel  ahould  be  a  aore 
general  type  of  hvperboia  with  leas  xeatrietlons.   in  ^is  rignre*  the  croea  point  T  of  two 
aaywiptotes  show  the  txanaitional  point  between  the  inner  and  mter  xegione  of  the  t/pboon. 
In  these  fbxsnlas  nantioned  afaova,  there  are  two  nain  raatrietions*   positions  of  T  and 
gradient  of  aaynptotas.    aowevar,  if  wa  assoaa  a  naur  nodal  in  idiich  thoee  restrictions  are 
takstt  off  and  soHe  freedoas  are  given  so  as  to  det«ead.»e  those  valoes  statistically  hy  using 
observational  data*  the  above  pc«bl«a  nay  be  solved.   VtmalY,  an  introduction  of  new 
par— stars  (detemlneil  by  data)  eanses  an  increase  of  freedon  nunber  and  finally  a  better 
adaptation  for  data  nay  be  eaqpected. 

A  NEW  DISTRIBUTION  FORMUIA 

Jl  new  fosnula  is  basically  slxilar  to  Bq*  UO) .   instsad  of  f  (x) «  ^  is  introduced, 
that  is 

s  -  a?         -  ^»    -  ^c^i*  -  ^  ^^/^^ 

where  y  neans  a  hyperbola,  whidt  we  went  to  obtain,   vherefore,  d^/ds  shows  Ita  gradient. 
9r  integrating  Bq*  (11), 

P  •  P  -  Ap/[1  +  g(x)] 

g<x>  H  Y  ^(Y(>*Yp^)  •  ssqp  •  In  YAp>-CM^'}  (12) 

where  new  paraneters  a,,  and  C*  are  referred  to  gradient  of  aqrsptote  over  the  inner 
regions  of  typhoon,  position  of  the  transitional  point  and  curvature  of  the  hyperbola, 
respectively.    Adding  to  the  previous  parameter  y^,  the  new  constants  can  be  determined 

statistically  by  observational  data  (the  least  square  method) .     This  new  technique  is 
proposed  by  Kurashige  (1977) .    The  mthod  of  determining  these  constants  is  shown  in 
Appendix* 

BBIATZCNSHIP  BBINBBN  THB  NBN  NOOBL  MID  IBB  OIBBBS 

As  revision  of  the  above  formulas  (1)  through  (4),  Fujita  (1952)  and  Haraguchi  (1976) 
have  also  presented  their  models   (besides  Kurashige) .     Therefore,  we  have  to  discuss  the 
relationship  or  differences  between  these  models  and  Kurashige 's  one.    Fujita's  model. 
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Bq.  (4) ,  mm  mKitlMMd  abovB*  OMitaiiwa  ^mo  individual  diatribiitlon  fcnu  for  the  Innar  and 
otttar  ragloM  of  tha  txptnooo.   Knraahige's  Eg.  (12)  alao  adoptad  tiia  aaaa  oonoipt*  Boiravar/ 
tlia  poaitlan  of  T  in  Bq.  (4)  la  vrlori  dafinad.    Syono  (1958)  polntad  out  that  tha  aaount 
of  nagativa  vectioity  awar  tha  Otttar  raglont  in  Iq.  (4)  wu  Xasi  than  aotual.  lha 
ralationalilp  batwaen  tha  vertlelty  C  and  wiiid  velocity  v  la  eaglainad  aa  folloifat 

So  that  Syono's  apaculation  is  related  to  the  aecond  order  derivative  of  y  In  the  preaaure 
dlatribution  formula.     (See  Eq.  (5)) 

On  the  other  hand,  Haraguchi's  model  is  one  where  two  individual  distribution  formulas 
are  connected  empirically.    Therefore,  the  adaptation  for  data  shows  a  better  result  as  well 
as  Kurashige's.     However,  if  we  want  to  obtain  characteristic  values  in  his  model,  it  is 
necessary  to  get  a  smoothed  distribution  curve  defined  previously  by  some  other  methods,  and 
moreover  the  position  of  maximum  wind  velocity  must  be  well-defined.    The  above  COndltlMlS 
are  unsuitable  for  use  of  the  electronic  canputer. 

Recently,  Mitsuta  and  others  (1974,  1975)  examined  statistically  adaptations  between 
models  and  observations.     They  reported  that,  on  the  average,  each  Biodel  liad  a  rather  good 
adaptation  and  there  was  no  remarkable  difference  between  the  above  models*  but  the  deviation 
waa  rather  large  in  an  Individiial  oaaa.   noiMver,  Haragudii*a  and  Xnxaahiga'a  nodala  have 
bean  proposed  noxe  recently*  ao  that  th^  ware  not  included  in  Kitauta^a  teat. 

Even  in  Koraahige'a  nodai»  aaa»  uncertain  prcblaBB  atlll  ranain.    One  of  than  la 
vbathar  tlia  oliiar  carve  beaidaB  hyperbola  is  convenient  or  not.   For  ennpler  tanh  x  and 
Irrational  function  nay  be  talcen  into  cooalderation*  but  unfortunately,  tiiay  are  ao 
copplieatad  that  their  integral  foma  nay  face  dif fieultiea.   At  pceaoit,  tha  hyperbola 
is  tha  mat  eonvaniant  one.   ftnothar  of  then  la  that  tha  gradient  of  aaynpteta  over  the 
outer  ragiona  is  ^priori  detemined  to  be  Takatutfhi  tyipe.    If  a  auffieient  data  coverage 
la  available*  tbe  above  gradient  afaould  be  Obtained  by  the  leaat  square  nethod. 

Aa  a  coneloalon,  Kuraahlge'a  fOmula  ia  SBPSKontly  oonplioatad*  but  its  naln  pointa 
axe  the  aane  aa  thoaa  in  the  peevioua  nodala*  and*  noraover*  it  baa  larger  ftaadona 
than  provioos  ones  in  order  to  gat  a  batter  adaptation  for  data*   Therefore*  as  far  as 
the  uaa  of  eleotxonic  coaputera  ia  concerned*  it  doea  not  take  so  nuch  naehlne  tine  as 
usual. 

Also,  a  moving  typhoon  field  is  not  circularly  aysnetric.    Ho%fever,  as  it  is  possible 
to  divide  the  typhoon  field  into  two  parte  (the  general  current  and  a  statimiary  typhoon 
field) *  we  have  no  problem  about  that. 

APSBIDIX 

How  to  determine      is  shown  as  follows.    At  first*  data  position  Y  snd  observed 
value  P  are  given  by  data.    If  we  talce  an  arbitrary  constant  Y^'       can  coopute  as 

X  -  In  (Y/Yj^),  y  •  ln|(P  -  V^)/^^^  -  P)| 
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Ikwtr  m  oonsidftT  «  l^ypexbola  with  tmo  asynptotes  (y^^     x  -t-      72  0>  followss 

2  2 

ax    -(a+l)xy+y    +  2gx  +  2fy  +  c=0  (14) 
where  2g  »  o-y  +6,  2f  =  -  (y+B) ,  C  -  y*3  +  e 

and  a  >  1.    Oslng  the  above  x  and  y,  we  can  determine  a,  g,  f  and  C  statistically  by  the 
least  aqoare  method.    Tlie  cioaa  point  T  la  defined  as 

x^  -  I2(a  +  1)  £  +  4gl/(o  -  1)^ 

-  [2(a  +  1)  g  ♦  4ofl/(a  -  1)' 

Now,  the  asyn^tote  of  outer  regions  y^  is  aoved  accozding  to  tbe  parallel  traasfoxeia- 
tioa  so  as  to  pass  through  the  orlgiji.   Then*  Eq.  (14)  becooaa 

ox*  -  (a  4-  Dx'y'  +  y*'  -  2£«x'     2Vy*  +  C!  •  0 
where       it'  -  x  -  x^#  y'  -  y, 

2f *  -  [4  a  f  +  29(a  +  !)]/(«  -  1) 

C  "  O  X*  -  2x  e  ♦  C 
o  o 

end  the  cross  point  of  two  asymptotes  beooves 
-  Yi  -  2f  (a  -  1) 

If  we  oonvnrt  than  Into  (Y*  P)  systSB, 

^o  "  ^1  ^'^^''o'  "  ^1  -  a^^ 

and  the  transitional  point  Yp  between  the  Inner  and  the  outer  regions  is  rcgplaeed  as* 
Yp  -  Y^  eJ*  i2t*} 
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Vs5(P-PcJ/(B„-Pc) 


Figure  1.      Comparison  of  pressure  distribution  formulas 
The  origin  shows  the  center  of  typhoon. 

The  additional  iigure  in  S£  corner  is  a  magnification  near  the 
center.    The  cross  point    between  Bjerknes'  and 
Tekeheshi's  is  located  mt  x  «  1.0.  y  s  0.  5. 
Over  inner  regions  of  typhoon.  Scbloemer's  formula  shows 
flat  and  Takahaahl'a  become*  diseontiauoua  at  the  center. 
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Figure  2.     Compiirison  of  formuUs  ehftraetoritties 

Fujita  type  ehowt  a  tranecendeBtel  curve  with  two  moymptotea 
o£  Takaliaehi  type  and  BJerknes  one.    T  is  the  crOft  point 
between  A*  above  two  aeymptotee.    8ehli>emer  type  ■howe  to 
approach  to  Takahaehi'e  over  outer  regiona.  but  to  be  iar  from 
BJerknea'  over  inner  regions. 
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EXTREME  WINDS  HI  THE  UNITED  STATES 

Thonas  D.  Potter  and  Michael  Changery 

m^tomt  Organic  totA  Atno^pbufio  Mwinlrtrfiitlon 
ABSTRACT 

Each  year  extreme  winds  in  the  U.S.  cause  extensive  property  damage  and  occasionally 
the  loss  of  lives.    This  paper  will  first  review  the  patterns  of  extreme  winds  in  the  U.S. 
and  the  associated  wind  dantage.    The  types  of  niaximum  wind  speed  data  currently  available 
are  thtn  dlaeiWMd*   FiiiBlly,  pr^MMns  ■■aooiatad  wltii  using  theM  Mxianan  wind  speed  dntn 
in  U.S.  dntl^a  standards  arn  oonsidnrad. 

XBIWOIMt   OMlgn  raqoizMitni  dnnlgn  ntaadardst  wtresie  wlndsf  hnizioaiinni  pxaputty 
dmaige. 
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INinODOCTIOM 


h  large  portion  of  tte  onlted  st«taa  is  subject  to  dmogo  oansod  bgr  wiiid<-lnane6d 
stress  on  stniotures.   Kany  of  tiie  earliest  records  fro«  explorers  nearly  500  years  ago 
refer  to  the  ooeurrenae  of  Inirricanes  along  the  Atlantic  and  Gulf  coasts.   Ihe  great 
heartland  of  the  United  States  is  well  knoMn  for  the  large  fregiuency  of  tornadoes  (sone- 
tines  over  1000  per  year)  nhiOh  often  leave  total  destroetlon  along  their  path*  oUier 
areas  of  the  united  States  also  suffw  wind  dSMige  fm  various  tsnpes  of  stoma* 

until  reoently«  however,  wind  has  not  been  considered  an  inportant  factor  in  building 
design.   The  dinatologlet  has  had  little  input  into  the  psoblSMS  created  by  winds  on 
struetnral  design.    This  is  due  partially  to  a  lack  of  infomatlon  on  the  eharacteristica 
of  the  wind  and  on  the  interaction  between  the  wind  and  the  struetnze.    It  Is  duo  ^l^^o  to 
the  lack  of  a  long-period  homogeneous  set  of  standard  wind  measurements  from  which  design 
values  can  be  obtained.    This  paper  will  examine  the  patterns  of  extreme  winds  and  wind 
damage  in  the  United  States,  the  types  and  volume  of  maximum  wind  speed  data  currently 
available,  and  th«  problems  in  using  these  wind  data  in  the  current  United  States  design 
standards. 

WniD  AMD  DBBXGN  BSQUII(BIIBNI8 

Buildings  and  structures  are  now  commonly  being  designed  to  heights  not  even  con- 
sider ed  10  or  2  0  years  ago.     One  of  the  most  imixsrtant  of  the  loads  acting  upon  these 
structures  is  that  due  to  the  wind.     The  level  of  safety  built  into  these  structures  is 
directly  related  to  the  accuracy  with  which  the  wind  and  its  effects  can  be  determined. 

In  the  past,  the  highest  wind  recorded  in  an  area  or  location  was  used  as  the  design 
value.     Among  the  various  problems  apparent  with  this  approach  was  the  fact  that  all 
meteorological  records  are  eventually  broken.     Thus  a  station  witn  a  longer  period  of 
record  had  a  higher  probability  of  observing  an  extreme  wind  speed  -  a  fact  which  would 
obscure  the  true  cllnatic  siinilarity  aiaong  a  n»Aer  of  stations  in  sn  area.   A  second 
prOblen  was  the  possible  loss  of  data  due  to  inetnaient  failure  at  high  wind  spesds. 
Finally*  an  inetnassnt  with  a  better  response  tine  would  zecord  speeds  higher  than  those 
recorded      a  wore  "sluggish"  syst«i.    Thsse  prCblens  led  to  the  adoption  of  a  atatiatical 
estlnate  of  design  speeds. 

for  various  engineering  and  neteorologicel  reasons «  wind  loads  are  best  considered  In 
terns  of  a  etea^  ^lied  force  togethw  with  a  factor  describing  gust  effects.  «he 
vectrun  of  horisontal  velocity  neasured  by  van  der  Boven  (1)  showed  two  naet  proninent 

e 

paaks.  One  peak  oceurw  in  the  gunt  mglon  and  a  eeoend  peak  oecura  at  a  period  reflecting 
large~scale  atsiospheric  fluctuations  of  no  concern  to  the  engineer.    Between  the  two  peaks 

is  a  gap  remging  from  5  minutes  to  5  hours  which  is  useful  for  obtaining  stable  speed 
aeasureraents .     Structurally,  it  is  not  desirable  to  rely  on  only  the  peak  gust  for  design 
purposes  because  this  Ignores  the  influence  of  a  sequence  of  gusts  which  may  be  resonemt 
with  the  structure. 
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In  addition  to  being  highly  dependent  on  instrument  response,  gusts  alone  provide  an 
uncertain  estxmate  of  the  wind  environment  since  a  number  of  samples  with  similar  mean 
speeds  nay  all  have  varying  peak  gust  values.    In  some  instances,  however,  it  is  the  gust 
aupttriMpoattd  ott        lo«d  caused  by  a  high  naan  «peed  which  causM  •xtmslve  danage  to  the 
surface  of  wiy  struotuTM.   For  example,  noat  of  tlie  daanige  txem  Himrlcane  Celie  at 
Corpus  Christ!*  TXi  in  1970  was  caused  fay  the  extramely  high  gusts  ratJier  than  the  prevail- 
ing strong  winds.    So  a  knovledga  of  both  the  aean  wind  and  gusts  (detemined  fron  neasure- 
■ents  or  theory)  is  required  to  evaluate  %fi»d  loads  on  a  structure. 

WIND  REGIMES  AMD  KIND  DAMAGE  IN  THE  UNITED  STATES 

m  the  nnitad  Statear  wind  dasage  results  from  extreae  winds  caused  by  four  neteoro> 
logical  systamst    extratropical  ^donea*  hnrrioanss  and  other  tropical  cyclones^  tornadoes^ 
and  severe  idtunderstoms*    The  extratropical  cyclones  produce  their  highest  speeds  in  the 
winter  nonths  deriving  their  energy  froa  the  large  thexnal  contrasts  availahls  in  this 
season.    <*snerally»  the  West  Goastr  ooontain  and  inter^Dxiuntain  areas  of  the  RodcieBf  son* 
areas  of  the  Northern  Plaina  and  da  Great  Lakes  receive  their  highest  winds  frm  these 
systsM.   Maxiaw  wind  speeds  are  usually  less  tiian  75  knots  but  nay  reach  IQO  knots  in 
very  severe  extratropical  cyclones.   The  area  along  and  within  200  ailes  of  ths  Atlantic 
and  Ovlf  ceasto  receives  its  highest  winds  frosi  hoerieaaes  in  which  wind  gpoads  scMtines 
reach  200  knots.    Tornadoes  produce  the  strongest  winds  observed  in  the  United  Statesi 
precise  values  of  maximum  speeds  are  not  well  established  because  wind  instruments  are 
usually  destroyed  in  tornadoes  but  there  is  evidence  to  show  that  values  above  300  knots 
are  sometimes  reached.     The  Great  Plains  experiences  the  highest  frequency  of  tornadoes 
but  every  State  in  the  United  Statos    (except  Hawaii)   has  experienced  at  least  one  tornado. 
Occasionally,  widespread  outbreaks  of  tornadoes  produce  extensive  structural  damage  and 
loss  of  life,  such  as  in  ths  tornadio  storms  of  April  3-4  in  1974  (2) .    Portions  of  the 
United  States  not  already  nantioned  usually  receive  their  strongest  winds  fron  severe 
tfaunderstoms.   A  few  notable  SKoaptiona  to  t)iis  generalisation  exist  such  as  the  Chinook 
winds  in  the  lee  of  the  Rodiies  and  tbm  Santa  Ana  winds  of  Southern  California*   These  are 
usually  localised  in  extent  but  aay  pcoduce  very  strong  tfinds  which  cause  considerable 

Wind  danage  statistics  have  been  collected  for  many  year  a.   Currant  statistics 
indicate  ^t  danage  frcsi  hurrioanea  and  other  tropical  stems  *  ssvere  thunderstorBS,  and 
extratrcpieal  storms  average  approxiatttely  $750  ■illion  per  year.   This  figure  varies*  of 
course*  txon  year  to  year  and  may  be  as  high  as  $2  billion  in  years  with  exceptionally 
severe  hurricanes  Such  as  CaadUe  in  1969.    Tornado  damage  amounts  to  two^thirds  the  value 
obtained  by  larger  scale  storms  -  on  the  order  of  $400  to  S500  million  per  year.  Again, 
large  fluctuations  in  annual  damages  may  occur  in  years  with  severe  tornado  outbreaks. 

Average  damage  from  large-scale  storms  and  tornadoes  has  been  increasing  year  to 
year.     This  is  attributed  to  the  general  population  increase  in  the  United  States  and  the 
corresponding  increase  in  area  covered  by  dwellings  and  other  structures,  resulting  in 
more  damage  even  though  the  annual  nuAer  of  stems  renains  relatively  the  saaa  on  a  long- 

1-12 

uiyitized  by  GoOgI 


term  teaia.    AltfacMiigh  dunaga  atatlstica  nay  be  tenperad  by  building  daalgn  oonaidaratioiui, 
tha  annual  losa  likaly  will  contimia  to  increase  in  future  years.   Hueh  of  this  daaiage 
I088  occurs  along  the  East  Coast  with  its  high  population  density.   Although  the  Wttst 
Coeet  is  heavily  pppulatadf  the  pFobebility  of  extreaie  winds  la  rather  low  so  the  wind 
damge  losses  are  relatively  ssall.   Pinally,  even  though  the  po!pulation  density  la  low  in 
the  nid-portions  of  the  country*  stibstential  damage  occurs  from  tJie  high  incidence  of 
tcnTDBdoeB. 

WIKD  MEASUREMKITS  AND  DATA  AVAILABILITY 

The  United  States  currently  has  available  the  following  four  basic  wind  neasureaants 
in  the  ardiiveat 

(1)  Paatest  Milei    This  ^pe  of  wind  observation  has  been  extracted  since  1867  al: 
approxinately  200  locations.   For  theae  locations  an  additional  20  years  of  data  could  be 
ftirtaln^  fron  the  original  records.   For  about  300  additional  stations  a  United  period 
(10  to  25  years)  could  also  be  extracted.    Daily  data  for  nearly  150  sites  are  on  tape  for 
.the  pwiod  since  196S.    Three  problews  ere  iQiparent  in  using  this  data  set.    First  -  at 
high  wind  q^eeds,  the  estinate  of  the  fastest  ndle  beoones  iwy  Inexact  due  to  the  eaUewsly 
small  ineramuit  to  he  naasured  on  the  chart.    Second  -  most  locations  eigperlenced  a  change 
in  instrument  exposure  30  to  40  years  ago  when  the  weather  office  moved  from  a  city  to 
airport  site.    Suitedile  methods  to  obtain  a  homogeneous  data  set  have  not  been  developed. 
Current  design  estimates  then  are  obtained  only  from  tlie  airport  data.     Finally,  any 
attempt  to  reference  the  city  office  data  to  a  standard  height  faces  the  problem  of  the 
change  in  urban  profile  over  a  period  of  years. 

(2)  Five-minute  roaxiinum:     Daily  values  of  the  five-minute  maximum  have  been  taken 
since  1872  at  the  same  locations  mentioned  previously.     Beginning  in  1956,   it  was  no 
longer  extracted  from  the  original  records,    h  period  of  10-25  years  of  data  can  also  be 
extracted  for  an  additional  300  locations.    None  of  these  data  have  been  placed  on  mag- 
netic tape.    The  preblOTS  of  nixing  city  and  airport  4mtA  nentinnBd  for  the  fastest  ttile 
apply  also  to  this  neasurenent. 

(3)  Peak  qusti    thm  daily  peSk  gust  has  been  extracted  fron  strip  dharts  for  t^prmf 
inately  450-500  stations  for  the  past  20  to  30  years*    The  snjoKlty  of  these  data  are  on 
nagnetie  tape.   Peak  gust  data  have  not  been  the  basis  tax  design  speeds  dus  to  the 
psobiens  nsntioned  previously* 

(4)  Hourly  averaaet    This  neasurenentt  taken  at  appcoxiantely  3»000  locations »  is 
presently  available  on  tape  for  000  of  these  looatioiis.    The  hourly  amnge  ie  not  m  true 
value  fbr  an  hourly  period  but  a  subjective  assessment  by  the  observer  of  the  winds  for  a 
few  ninutes  on  the  hour  and  considered  representative  of  the  entire  hour.    This  measure* 
Blent  has  been  digitized  hourly  since  the  late  1940 's  and  3-houzly  since  1965. 

A  few  sets  of  data  from  special  tall  observation  towers  exist  for  various  locations 
throughout  the  United  States.     Some  of  these  data  sets  contain  high  frequency  observations 
which  permit  calculations  of  spectral  properties  of  the  turbulent  wind  structure.  Panofsky 
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(3)  summarizes  these  special  data  sets  nrhich  are  not  generally  available  for  most  locations 
in  the  United  States. 

In  the  United  States  the  fastest  mile  is  used  for  design  purposes  because  (a)  it 
generally  falla  in  the  gap  In  the  energy  spectrtm  and  hence  is  representative  of  load 
Inducing  winAv  maA  0>}  ttm  ptmmmimr  1ms  baan  MuvraA  for  •  long  nnter  of  yMra.  Niiqf' 
imrastigatora  baliava  a  battar  aatiaata  can  ba  obtalnad  fz«n  a  IS  or  20  nlmita  avaxaga. 
Uftfortunatalr*  tha  ooat  of  obtaining  audi  awaragaa  froai  old  raoorda  is  problbltiva.  At 
prasant,  titan,  only  data  alraady  axtxaotad  fcoa  tha  original  raootds  can  bs  usad  to  obtain 
a  daslgn  vg—A, 

THE  UMIIED  STATES  DESIGN  STAMDAiM 

Ihe  currantly  aee«pt«d  United  StatM  dasign  standards  ara  tha  rasult  of  the  fpplica^ 
tion  by  ftaoB  (4)  of  «ctz«a  valua  thaory  to  a  aat  of  anmial  fastaat  nlla  valuas.  Thasa 
data  wars  all  takan  st  airport  locations  for  a  15-30  year  pwlod  ending  in  the  iiid*1960*s. 
Slnea  then  an  additional  10  jraars  of  data  hava  baan  oollaetad.    Utilising  the  earlier  work 
of  DavanpOKt  (5) ,  Than  connrartad  thase  data  to  a  atandard  30  foot  height  by  using  an 
•aqponant  of  1/7  in  tha  famlHar  poMsr  lav.    This  valna  is  cenaldarad  to  ba  reprosontstiva 
of  the  Burfaoa  zoughnaaa  for  an  aptap  unoluttarad  enviroisMnt,  and  ranges  to  1/3  for  a 
heavily  urbanised  area. 

This  roughnsas  is  tha  drag  of  tha  wind  on  Him  earth's  surfaeaf  vagatation,  and  man- 
made  structures.    One  of  the  priaary  difficoltles  in  developing  a  standardized  set  of  city 
data  is  tha  unknown  change  in  aorfaoa  seoghnass  cfaaractarising  tha  gradual  urbanisation  of 
a  site  over  a  period  of  time. 

There  are  a  number  of  problems  with  the  currently  accepted  design  standard  maps  used 
in  the  United  States.: 

(1)  The  period  of  data  used  is  generally  less  than  20  years,    ior  many  areas, 
especially  tha  coastline,  the  representativeness  of  the  dasign  valuas  has  baan  giiiastionad. 
Craatar  eonf  idanoa  oould  ba  adhlavad  by  Ineluding  tha  10  additional  years  of  data  avail- 
able or  dsvti^ping  soa»  nathod  of  iatagratlng  tha  40-60  years  of  eity  data  with  tiia  air- 
port data  uaad. 

(2)  Many  of  tha  aiiqpeKt  looatlons  have  gradually  baoona  urbanised  or  Industrlaliiad 
and  tha  l/7th  posar  law  nay  no  longer  be  aooueata*   An  igproach  based  on  an  aiQonant 
varying  with  tba  ronglsiMa  «^t^«v»«*i»-<  ■<  »*j  tiia  fetch  in  various  diraetions  nay  battar 
describe  tha  anvironnant  at  a  looation. 

(3>    Xt  has  baan  raoognisad  that  undwr  high  wind  speed  apisedas  in  flat  terrain*  tha 
l/7tli  power  law  is  suitable  for  tha  neutral  atnosphera  oharaotarising  large-scale  mature 
stoxn  syatana.    PBwaver>  in  the  strongly  unstable  and  mixing  snvironment  of  a  thunderstom* 
the  exponent  can  beoone  very  snail  -  perhaps  approaching  zero.    For  those  areas  of  the 
United  States  receiving  raaxlBnai  winds  fron  thundarstocas,  the  neasured  ^peed  values  should 
probably  ba  used  unchanged. 
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To  suniarize«  wind  danage  In  the  United  States  is  great<»:  than  one  billion  dollars 
per  year.    With  incrttasing  population,  the  damage  should  continue  to  increase  in  the 
future.    Although  some  neasureoient  other  than  the  fastest  Bile  might  be  used  to  derive  the 
design  wind,  the  costs  to  extract  these  data  are  currently  prohibitive.     Better  design 

values  could  be  obtained  by  including  additional  years  of  data  at  airport  locations, 
developing  methods  to  include  the  long  period  of  city  office  data,  or  ensuring  that  the 
power  law  exixjnent  used  reflects  the  character  of  the  surrounding  terrain  or  stability  of 
the  air  mass.     Research  is  underway  to  overcono  these  limitations  in  current  wind  data  to 
use  in  structural  design.    However,  for  the  next  few  years  the  fastest  mile  wind  data  will 
continue  to  be  used  for  most  design  purposes. 
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ABSTSACT 

Wind  aocidanta  on  brldga  struGturas  hava  ao  far  oeeurrad  at  thair  oonstruotion  ataga* 
and  this  nacaasitatas  conf ixaiing  tha  aafaty  of  a  atruetura  undar  oaaatructloii  as  wall  as 
aftar  eooplation.   iba  aarodynaKic  aafa^  of  a  auapanalon  brldga  at  construction  stage 
la  aapaclally  iiqiortantf  bacausa  tlia  rigidity  and  tin  ralavant  ^fnanic  charactariatics  of 
tha  atructure  altar  gradually  aa  tha  oonatruction  work  prooaada. 

Vha  aarodynaiiic  stability  of  suaiianaiea  bridgas  at  construction  atagas  for  tha  Savon 
Bridga  (1) «  tiia  xanMon  Bridga  (3) ,  tha  HonAu-Shikolni  Brldga  (3«4)  and  tha  narrows  Brldga 
(5)  baa  alraady  baan  »i<amtnad  by  othara.    ibaaa  atudiaa  dMionatratad  tha  Inportaaea  of 
tha  pzObleat. 

Howavax,  tha  araetion  aathod  of  a  bridge  dn^eoda  largely  on  the  oomditiona  that#  how 
noeh  clearance  la  necessary  for  navigation  during  construction  period  and  what  kinds  of 
erection  machines  are  available,  etc.    Therefore,  the  reaults  of  this  atudy  can  not  ha 
applied  directly  to  other  bridges. 

This  paper  doscribos  the  design  wind  ^eed  and  the  aerodynamic  atability  of  auapended 
structure  of  the  Uirado  Ohashi  Bridge. 

KBXIKffiDSt   AaxQdynaiDic  stability t  sufltpansion  bridge;  oonatruction  stages 
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INTRODUCTION 


1.1  Wind  VxoiblMS  on  a  Snapanalon  Brldg*  Dwiag  Br«otlon  5t*9« 

Muicfh  oontidmntieo  •lioi4d  b«  glv«n  to  tlw  wind  induoad  oseillmtlon  of  «  fxea  standliig 
toMwr  of  this  naln  cablM  not  telng  ^wonad,  and  of  a  au^paadad  atnietura  undaar  eonstxuetiett. 

A  fraa  atandlng  tamr  la  paeona  to  h%  put  in  oaclllatlon  by  tha  af fact  of  aynehxoniaing 
lataral  forca  originated  in  the  wake  vortex.   Ihia  type  of  oscillation,  called  Aeolian 
oacillation,  often  occurs  in  a  high-rise  structure  with  low  rigidity  and  small  damping. 
In  the  wind  tiinnel  investigation  for  the  free  standing  tower  of  the  Hirado  Ohashi  Bridge,  it 
was  suggested  that  the  oscillation  might  happen  at  the  wind  speed  of  11.4  m/s  and  the  Pflfftr^W 
vibrational  amplitude  at  the  top  of  the  tower  was  expected  to  reach  2.35  meters.  A 
mechamical  device  using  a  sliding  concrete  block,  which  was  connected  with  the  tower  top  by 
wire  rope,  was  installed  to  suppress  the  oscillation.    The  device  was  found  successful  in 
suppressing  violent  oscillation. 

On  the  other  hand,  a  large  deflection  and  a  catastrophic  vibration  like  flutter  may 
hwpen  vban  the  auspended  •tncture  la  ereetad.   fha  deflootion  can  be  prevented  eaaily  by 
rainforolng  tha  atruotnre  or  by  inatalling  a  apaeial  davioa  fbr  ormiping  tiia  daflactlon. 
Howavar,  tha  oatastrofitaia  oacillatlon  anat  ba  pravantad  aa  it  la  fatal  to  tha  atruetura,  and 
it  i«  aaeaaaacy  to  eonfln  tha  aafMy  againat  atxong  wind  through  wind  tuanal  tests. 

1.2  Erection  Plans  of  Suspended  Structure 

The  Hirado  Ohashi  Bridqp,  which  is  constructed  over  the  Hirado  Seto  Straits  juid  links 
Hirado  Island  to  Kyushu  Island,   is  the  second  largest  suspension  bridge  in  Japan.     It  has  a 
center  span  length  of  460  meters.     The  suspended  structure  carrying  two-lane  traffic  and 

sidewalk  is   stiffened  by  a   truss  girder   six  tneters  high  and   14.      maters   apart.      The  clear- 
ance is  30  meters  above  the  sea  level  at  the  center  spwn.    The  cross-sectional  shape  of  the 
stlffanlag  girder  naa  aalaotad  through  wind  tnnai^  taata,    flw  location,  5ianaral  vlawr  and 
diManaiOAS  era  ahomi  in  Fig.-l,  Pig«-2,  and  Tabla-1. 

iha  ftoHowing  erection  nsthod  ma  propoaad  aft«r  atudying  tbm  site  condition,  anmunt 
of  woxlc,  oonatruction  ■achinery,  eoenonical  efficisncy,  and  so  ont 

1}   Vhe  conatmetioin  of  atiffaning  girder  ataxta  fron  both  anda  near  the  tower,  and  it 
procaada  gradually  to  the  aiidpotnt  of  the  spkn  as  shown  in  rig.-'3. 

3)  fha  unit  of  auspsndsd  structure  in  eractico  work  is  40  «i«t«rs  in  langtfa  and  200 
tons  in  weight  except  tha  starting  stage. 

3}    Iha  ooncrete  bledts  in  the  barga  axa  hoiatad  by  a  lifting  orana  act  on  tha  nain 
esibles.    The  state  of  erection  work  is  shown  in  Photo-1. 

4)  The  field  connection  of  blocks  are  fixed  imnedlately  after  lifting.    But  the 
temporary  hinges  are  installed  at  the  sixth  point  to  minimize  the  erection  stress. 

By  using  this  erection  method,  the  "construction  period  of  suspended  structure  was 
reduced  to  three  months,  and  the  floor  d«ck  (T-beam  grid  deck  without  concrete  slab  and 
pavement)  was  erected  together  with  stiffening  truss.    Three  types  of  deck  shape  shown  in 
Fig. -4  were  proposed  for  erection  stage.    Crane  cars  can  be  driven  on  the  deck  in  Plan-Ill, 
and  this  is  oonvaniant  for  oonatruotlon  work.   Oewaverr  Plan-Xll  may  make  tha  aerod^rnHoic 
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■tablll^  w»Mr  00  Flan-I  and  Flan-IZ  wem  also  propOMd  m  fluppl«Mntary  laetlMda,  9te 
wjor  siibjaot  of  th*  vasMTch  ifw  to  «xMiiim  Mrodapiunlc  dinractoristles  of  tiMM  thn*  teek 
plans  fc»r  •taction  tiizough  vind  tunnal  taat.   Fhoto-2  aliom  tha  aaetlonal  nodal  for  wind 
tunnal  taatlag  (6). 

llM  natural  ftaqpimqr  varlaa  as  the  oenstnietlon  mtk  pcooeads.  Plg'-5  diews  tow  tte 
vartioal  banding  and  torsional  fraquancias  vary  ia  aoeordanea  with  tlia  stage  of  conatnetlon* 
Tbm  natural  frequanoy  in  bending  Mde  does  not  shift  so  anchf  but  one  in  torsionsl  node 
inoraaaas  aftax  tha  niddla  of  stagpa* 

DESIGN  WIND  SPEED  FOR  ERECTION  STAGE 
Wind  load  acting  on  a  structure  under  construction  is  different  from  one  acting  on  a 
completed  structure.     Namely,  the  expected  wxni   :peed  for  shorter  periods  may  be  used  to 
evaluate  the  design  wind  speed,  because  the  construction  period  is  usually  short.  The 
relation  between  a  return  period  (R  in  years) ,  a  probability  of  the  annual  extrene  wind 
speed  net  enceedlng  a  design  value  (q) ,  and  a  life  tine  of  the  stmeture  (T  in  yeeurs)  ia 
given  by  the  following  fnanlai 

q  -  (1  -  1/R)' 

It  is  raaaonabla  that  V  ia  defined  to  be  eq^al  to  the  erection  period.   Vha  araotion 
period  of  suspended  stmoture  was  astinatad  as  three  nonths*  and  the  total  duration  fras 
starting  tower  oonstruction  to  finiehlng  the  oonatructien  of  the  auapended  atruetnre  as 
fifteen  nonths.    AsstSBing  that  T  -  2  yeara  and  q  -  0.6,  tha  return  period  It  beoones  4.4  years 
in  the  case  of  the  Hirado  Ohashi  Bridge. 

The  nonthly  mucinum  wind  speed  for  the  last  thirty-five  years  at  the  Hirado  Meteorology 
ioal  Observatory  near  the  bridge  site  is  given  in  Fig.  6.    It  suggeats  that  there  are  few 
occasions  of  strong  wind  in  the  period  from  January  to  June.    Hence  this  period  was 
supposed  to  be  the  best  time  for  erecting  the  suspended  structure.    F:q.-7  shows  the  relation 
between  the  return  period  and  the  expected  wind  speed.     It  follows  from  the  figure  that  the 
expected  wind  speed  in  this  period  with  a  return  period  of  4.4  years   (R  ■  4.4)   is  very  loWf 
and  therefore,  the  following  wind  speed  based  on  the  return  period  of  twenty  years  was 
used  in  the  design; 

Basic  wind  speed  20.2  a/ a 

Deaiga  wind  epeed  32.2  a/m 

Critical  wind  speed  for  oatestrophie  oscillation  38.6  n/s 

WIND  TUNNEL  TESTS 

3.1    Hind  Tunnel  Test  Hethod  for  Suspension  Bridge  Under  Construction 

Generally  speaking,  a  sectional  model,  which  Is  a  rigid,  geometrical  copy  of  a 
typical  section  of  a  full-scale  structure,   is  used  for  the  aerodynamic  stability  test  in 
the  case  of  a  completed  bridge,  because  the  uniformity  of  longitudinal  snass  distribution 
can  be  assumed.     But  a  sectional  model  can  not  be  used  directly  for  a  suspension  bridge 
under  construction,  because  the  assuinption  can  not  be  held  valid. 
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Wind  tunnel  test  methods  for  a  suspension  bridge  under  construction  are  classified  as 

follows : 

1)  Sectional  model  test  method  making  use  of  reduced  mass  parairieters. 

A  typical  length  of  a  full  structure  is  modeled,  and  it  is  rigged  up  in  tlM  tunnal  fay 
halieal  springs  with  Mqoixed  stiff  nan,  and  tha  Might  of  tha  modal  la  aimilatad  in  aQsotdanoi 
with  a  raduead  siaaa,  idilOh  rapraaanta  tha  «hola  struotura. 

2)  Analytical  natbod  making  use  of  aarodyiuunlc  ooafficlants. 

lha  xasponaa  of  wbola  straetnra  can  ba  obtalnad  kqr  using  novfstoady  aarodjnMonlc  foroa 
ooafficlants  vblOh  axo  naasurad  through  win  tunnal  taats  on  a  tMO-diiaanaional  siadal* 
3}    Full-model  test  method. 

lha  raaponaa  oan  ba  obtalnad  by  tiia  us*  of  a  fnll^aodal  with  maohanically  and  geo* 
natxieally  simulated  charactarlatlcs. 

In  tha  peasant  atu^,  methods  1)  and  2)  ware  used. 

3.2    Stability  Test 

3.3.1  Test  Procedure 

Ths  following  slAllarlty  conditions  wars  satisfied  In  order  to  r^plaoa  a  full-soala 
structure  to  a  tMO-dln«nslonal  modal* 

1)  Mass  parameter 

where  H        :   reduced  mass 

M^,  H^:    mass  of  the  prototype  structure 
mode  function 

C  fc 

and  tha  aiibacripta  c  and  t  denote  cable  and  so^andad  *tructura«  raapactlvaly.    lha  reduced 
moment  of  inertia  can  be  calculated  In  a  siaiilar  manner. 

2)  Vibration  mode 

vhe  model  Is  mounted  by  helical  springs  and  It  permits  both  vertical  translatory  and 
pitching  motion.    Aie  natural  frequencies  In  fundamental  asymmetric  modes  (both  bending  and 
torsional)  were  observed  for  modelling,  and  no  coupling  between  synnstrlc  oscillation  end 
asyimnetric  one  was  considered  in  the  test. 

Hhm  test  conditions  are  given  in  Table-2.    The  vibration  of  cable  is  so  dominant  at 
the  oarHftr  construction  steps,  that  the  reduced  nass  becomes  very  large  and  the  similitude 
law  can  not  be  maintained  in  tha  test.    Tor  thia  reaaon  the  stability  test  for  the  thirteenth 
atep  only  can  be  carried  out. 

3.2.2  Test  Results 

Fig.-9  shows  the  relation  between  angle  of  attack  a  (vertical  angle  between  wind 
direction  and  the  reference  axis  of  structure  and  It  is  taken  as  positive  when  wind  blows 
upward)  and  the  critical  wind  speed  of  flutter  v^. 
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Tha  ttf fact  of  dadc  daps  on  wind  stability  is  elsrifisd  tbcoiugb  tlw  tsst  on  tlM 
tfairt««itb  stfp*   Modsl-if  having  an  epanlag  «t  the  niddlo  of  th*  dodct  is  staUo  to 
50  «/s  at  tha  anfla  of  attadc*  a  ■  -6*  -  46*.   On  othar  othar  luuid*  Nodal-IZI,  having  s 
■olia  daek,  showad  instability  at  a  «  5*,  but  ^  erltioal  wind  apoad  ia  nidi  highar  than 
the  design  wind  speed. 

The  variation  of  stability  characteristics  with  constxnetlMI  Steps  cannot  be  obtained 
by  this  test.    She  reduced  nass  for  5th  to  13th  steps  beoOMS  ao  large  that  the  atabili^ 
in  these  steps  seems  to  be  guaranteed. 

The  effect  of  frequency  ratio  r  (the  ratio  of  torsional  frequency  to  bending  frequeooy) 
on  the  stability  was  examined.    The  test  was  carried  out  at  r  «  1.65  in  the  thirteenth 
step.     The  type  of  oscillation  is  a  stall  flutter,  and  the  critical  wind  speed  v    is  pro- 

c 

portJ.onal  to  reduced  wind  speed  (see  Fig. -9. 3  and  9.4). 

3.3  Rssponce  Analyaia  Itoing  Aazodynanic  Forces 

3.3.1  Maaauramant  of  aerodynaalc  £d«o«s 

The  weodgpaaLB  foroa  acting  on  a  nodal  waa  naaaurad  by  a  focoed  oaoillation  aatliod 
in  order  to  aoppliant  the  atability  tests.    In  tlie  oaae  of  driving  tha  aadal,  great  oar* 
mist  be  taken  to  balanoe  out  the  inertia  fnroes  of  the  Model  so  that  only  purely  aarodynaBle 
fbrcea  are  neaaured  (7) . 

The  aerodynamic  force  coefficients  measured  are  shown  in  Fig. -10.    CMTI,  imaginary 
part  of  the  coefficient  of  pitching  moment  in  pure  pitching  oscillation,  at  a  ■  5°  in 
Model-Ill  is  positive  for  almost  the  whole  range  of  wind  speed,  and,  on  the  other  hand, 
it  is  negative  in  Model-I  and  Model-Ill  except  a  =  5°.     When  CMTI  is  positive^  the  vibration 
system  with  one  degree  of  freedom  in  torsional  mode  becomes  unstable. 

3.3.2  Bstlmticn  of  Flutter  Wind  ^ed 

Flutter  wind  speed  fwc  each  ategp  of  erection  stage  are  estiaated  by  tbm  us*  of  aaro? 
dsramda  force  cweffieients.   In  the  cenputer  progrant  the  notion  of  both  cablas  and  sus- 
pended structures  is  oonsiderad.   The  nvMber  of  nodes  In  torsional  and  banding  oselllatlon 
ia  five  at  naxJauB,  and  the  nuibar  of  aarod^rnanic  fbrcea  along  tiia  span  ia  three  at  nasi' 
nun.   It  was  foond  that  flutter  nay  not  occur  at  whole  angle  of  attack  in  Model*!  and  Nodel- 
ni  («ce«pt  a  -  5*) .   m*  erltioal  flutter  speed  at  a  •  5*  in  Model-Ill  is  as  follows 
(torsional  flutter): 

5th  and  8th  st^  not  present 

11th  step  73.6  ra/s 

15th  step  52.4  m/s 

The  estimated  wind  speed  is  noted  in  Fig. -9.?  to  compare  with  ones  out  of  ^hp  section- 
al model  test.    Both  results  agree  fairly  well  with  each  other,  and  it  is  found  that  the 
estimation  method  using  aerodynamic  force  coefficients  is  reliable.    When  the  coupled 
flutter  is  assumed,  the  estimted  critical  wind  speed  decreases  slightly  as  shown  in 
Tabla-3. 
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CONCLUSION 

A  study  has  been  carried  out  to  confim  the  aerodynamic  safety  of  the  Kirado  Ohashi 
Bridge  under  construction.    In  conclusion  the  following  can  be  pointed  out: 

1)    The  daaign  wind  qpMd  for  construction  work  Is  estinnted  fay  the  use  of  wind 
record  In  the  lest  thirty-five  yeers  at  the  Blredo  neteorologioel  Observetory.  JkaenHiikg 
the  return  period  of  twenty  years,  the  ea^ected  beelc  wind  q>eed#  the  design  wind  speed, 
and  the  critioal  wind  qpeed  for  flutter  are  oalcualted  as  20.2,  32.2,  and  38.6  m/»t 
reapsctively. 

2}    The  wind  tunnel  test  on  sectional  nodels  shows  tliat  Madel-I  with  oipwiing  in  the 
■iddle  of  the  deck  is  stable  for  whole  angle  of  attadc  and  Model-Ill  with  solid  deck  is 
unstable  fibr  the  angle  of  attacdc  mre  than  four  degrees.   The  critioal  wind  ^peed  at 
a  -  4*  is  fairly  high,  i.e. ,  ovwr  50  q/s,  so  that  Model-Ill  is  judg^  to  have  sufficient 

aerodynamic  stability  in  practical  use. 

3)  The  responses  calculated  with  the  aerodynamic  force  coefficients  give  good  corre* 
lation  with  the  test  results  on  sectional  models,  and  this  proves  that  the  test  methods 
are  reliable.     The  instability  of  bridge  can  occur  in  torsional  flutter,  and  the  effect  of 
coupling  of  bending  and  torsional  vibration  seems  to  be  negligible. 

4)  The  variation  of  flutter  wind  speed  with  the  progress  of  construction  work  is 
derived,  and  it  is  shown  that  the  flutter  wind  speed  is  high  at  the  first  stage,  and  then 
it  decreases  gradually  as  the  stage  proceeds.    This  result  is  different  from  those  of  the 
Seven  Bridge  and  the  Kanmon  Bridge. 

5}    AS  Stated  above,  it  is  concluded  that  Plan-III,  in  lAieh  the  stiffening  truss  and 
solid  deck  are  oonstruoted  altogether,  has  sufficient  aerodbfnamic  stabill^.    In  the  study, 
only  aerodynmio  stability  tests  are  perfomed,  and  no  attenipt  is  done  about  the  large 
defleeticm  of  suspended  structure  due  to  wind  action  in  oonstruction  stage. 

ACKNOWLEDGEMENT 

The  field  work  started  in  February,   1976  and  ended  in  May  of  the  sane  year.  Diiring 
the  field  work,  the  results  of  the  study  were  fully  applied.     The  structure,  though  it 
has  a  solid  deck,  showed  ro  harmful  vibration  during  erection. 

The  authors  would  like  to  acknowledge  the  staff  of  Structvire  Section  of  P. W.R.I,  for 
their  valuable  Msistance.    The  vK>rlc  described  in  the  paper  has  been  carried  out  as  part  of 
a  research  prograai  on  the  HiradO  Ohashi  Bridge  Design  and  GcHAStruetion.    As  authors  are 
nueh  indicted  to  the  ataf f  of  the  Hlrado  Ohashi  Bridge  Construction  Office  for  their  earnest 
cocperation. 

REFERENCES 

(1)  Smith,  I.  P.:    The  aerodynanic  stability  of  the  Seven  Suspensiab  Bridge,  NPL  Aero  Report 

1105,  May  1964 

(2)  Shiraki,  K.  et  al.:     Aerodynajnic  Instability  in  Suspension  Bridge  under  Erection, 
Mitsubishi  Heavy  Indusries  Tech.  Review,  vol.   7,  No.  7  December  1970, 

(3)  ito,  M.  et  al.:    Aerodynamic  stability  of  a  susx>ension  bridge  during  erection,  Proc. 
National  Meeting  of  JSCE,  October  1974 


11-6 


Digrtized  by  Google 


(4)  Shiroirihl,  M.,  Iteata,  A.,  and  SAkair  J.t   A  study  of  wind  atablll^  on  a  long  span 
■u^ansion  lirldiga  dnrlng  araotlcaf  Pnoe.  JSCBr  Ms.  2S0  Jtma  1976 

(5)  Davaqport,  A.  6.  at  al.  i   A  utaOn  of  wiiid  action  on  a  an^pension  bridga  during  araetion 
and  on  ooHplation,  tm.  9e^,  BUll^3-69f  Fao.  Bng.  Sei.f  Oniv.  of  Wtatexn  Ontario, 

<6>    Nurlta,  N.  and  yohoyapa,  K.  i    wind  tunnal  test  on  the  Rlrado  OhMhl  Brldgn,  Tech. 

Ukao.  P.W.R.I.,  Mo.  U02r  Pac«ifl>er  1975 
<7)  Oknibo,  t*  r  Harlta*  K.  and  Yokoyanat  x.  i   Som  aiqpvoadias  for  Ingpnovlag  wind  stdbUity 

for  oabla-stqr*d  girdar  brldgaat  Ptoo,  Fourch  Int.  Oonf .  on  wind  sff«eta  on  Suildinga 

and  Structuzaa,  London  SiptHiiar  1975 


II-7 


Digitized  by  Google 


II-8 


Google 


Digrtized  by  Google 


0  •«•» 


*  I 


*  rr«)M«f)Clu  Mr*  calciilAtad 
tlf.-i  Orit  of  Su«p«a4«4  Struciar*  IrtctlM 


«»«« 


t  kMB  (rU  itack 
I     1     I  '  )     I  -I— TTv'"-* 


Wan  11 


Tit.-*    CroH  Sactlaa  of  Stlffanlnc  Traaa 


11-10 


uiyiiized  by  Google 


n-13 


Digitized  by  Google 


11-14 


Digitized  by  Google 


11-15 


Digiiized  by  Google 


ill 


1 


a 

'  e 

o 

IB 


3 
9 


"1 


8 

< 


11-16 


uiyiiized  by  Google 


Wkl*-1  MmmIm  oC  Uc«4oHNimM  Kilt* 


 Urn  

BfCaetlM  apM  Imtftk 

sn 

Backatay  (l«Mcal)     right  ...  laklxa  aid* 

l«(t  ...  BSn*»  lalaad 
laekat^r  fvartiaal)    rlglit  . . .  Tablra  ■Ida 

Uft    ...  Hirada  laland 
Cvoaa  aaeclaaal  araa  (cable) 
Vaad  laai  («hal*  acmewra) 
"        (floor  deck) 
"        (atUfaaliit  tniaa) 
fc«kla,  hatnar) 

width  of  truss 
Height  o{  tniaa 
Panal  laMCh  of  tcitM 

of  lateral  teaclag 
UUth  of  floor  dack 

at  Inarcl*  of  araa  af  tniaa 


VMC 

Plan-D 

■ 

4U.40 

• 

«f0.00 

■ 

45.00 

a 

lOS.OO 

■ 

m.M 

■ 

53.37 

■ 

a.yj 

B^/brldgt 

0.170 

t/B/bTld|a 

11.02 

6.M 

t/mfWtUf 

l.SO 

t/B/lwtt|a 

l.tt 

14. SO 

6.00 

5.W 

10.00 

11.30 

1.M9 

5 

6 

11 

13 

Torsional  os. 

AayBotric,  lat 

861,5^4 

8.232.13 

123. 746 

30.1326 

ton  Mc2 

SyMttcie*  lat 

63.012 

24.701 

2.200.6 

32.930 

Bending  ob. 
ten  scc^/aZ 

1.M04 

0.8459 

0.7151 

0.M37 

11-17 


Digrtized  by  Google 


T«ble-2»2  T«Bt  condition  with  MctloMl  woAml 
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T«ble-3    Critical  Flutter  wind  Speed 
at  ^5*    in  Nodel-IIS  (q/s) 


^""^^^^^^  step 

14 

14* 

13 

11 

8 

Type 

torsional  Flutter 

50.8 

49.1 

45.8 

75.6 

Not  occur 

Coupled  Flutter 

49.0 

47.3 

44.2 

73.8 

Hot  eeeur 

•without  pavement 
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PSBSBR  SmnSIQH  or  SMtniQIlMai  niBDZCtKNI  BESBMICH  IN  JAPAN 

XMuo  BMnada,  lUitioiuil  RmMcch  Mnter  fmr  DisMtar  irwviHttloin 
Hitoshi  TaJcahashii  Httional  RSMartih  oeotar  for  DUaeter  PvevAntlon 
Bixoahl  SatOp  Oaogs«ipilqreal  Sumqr  Inatltut* 
Aklra  Sonar  Mstaozologlcal  KeBaareh  matitute 

ABSIKACT 

An  ootlliM  of  tbm  JapaiMsa  National  Progran  of  Bartbg^Mka  Pcadietion  ia  Intcoducod 
hara.   Flxat*  tba  pcogxaaa  vp  to  data  of  tha  national  pcogran  of  aarthquafca  praoltloni 
aaeond,  tha  orgaaiaatloaa  xalatad  to  tha  peadietlonr  thalr  aaia  xolaa*  and  tha  organiaational 
atrtteturai  thlsd,  tha  atratagy  of  aarthquaka  pradiotlon  by  tha  Ooordlnating  Coanittaa  for 
Barthqnaka  Pradictlon  (GCSP>|  foarth«  tha  aetivltiaa  of  tha  CBBP}  fifth*  tha  pEeaant  atata 
of  aarthquaka  pradlctionj  alxdit  tiia  pzonotlon  of  tha  pradlotion  program^  iaoludlng  tha 
anthnra*  polnta  of  vlaw  and  finally*  tha  following  itam  of  raaaardh  and  oltsarvationa 
ara  intxodnoad* 

1.  GMOenC  SORWR 

2.  TIDAL  QBSBRHATiaN 

3.  OONSZHDOOS  OBSBBMISION  Of  CMDSVAL  NOVBMBHT 

4.  SEISMIC  OBSERVATION 

5.  VELOCITY  CHANGE  OF  SEISMIC  NAVES 

6.  ACTIVE  FAULTS  AND  FOLDING 

7.  GEOMAGNETIC  A»JD  HEOEIiECTRIC  OBSERVATltWS 

8.  LABORATORY  KXPERIMENTS 

9.  WORKS  RELATED  TO  GROUND  WATHR 

10.     DATA  PROCESSING  AND  MONITORING  SYSTEM 

XRWDRDSi    Narthgnaka  pradiotloni  Japan  National  Progxaa;  praaant  atata 
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PROGB£SS  OF  EARTHQUAKE  PREDICTION  R£^i:;AKCH 

Vhe  preB€iDt  r«Bearoh  of  earthqiaake  peadletloa  go«s  back  to  1962,  vhttn  th*  pablicatioii 
"Bartbquake  Fredictloii  -  PxograM  to  Oatm  and  Plans  for  rutura"  Maa  iaauad  by  a  xaaavroh 
group  for  an  aarOqiiaka  pxadlotion  pxogram  oonslstin?  of  JapanaM  aaiaBologlsta.  Thia 
planning  had  draun  micdi  attantion  In  tho  world,  aapacially  In  Vbm  UAltad  Stataa.   Aa  a 
rasultf  tha  fixat  Japan-Onited  Statas  Oonfwanoa  on  Rasaarch  Ralated  to  BaxthquldGe  Pra- 
diction  was  held  in  Tokyo  and  Kyoto  in  1964,  under  tha  auaplces  of  the  Japan-Dnited  Stataa 
Cooperative  Program,  which  still  continues  \jp  to  the  present.     In  Japan,  the  Scianoa 
Council  of  Japan  and  Geodesy  Council  in  the  Ministry  of  Education  established  some  conmittao 
meetings  and  made  recomnendations  and/or  authorized  proposals  to  the  Prime  Minister  and 
other  related  Ministers  with  respect  to  promotion  of  earthquake  prediction.     Table  1  summa- 
rizes the  main  events  related  to  tho  promotion  of  earthquake  prediction  up  to  the  present. 
A  national  program  of  earthquake  prediction  was  launched  in  1965  with  the  financial 
BMPport  of  the  Government.    The  funding  and  planning  of  the  program  have  been  in  5-year 
Inox—anta*    Hm  program  la  now  in  tha  tiilrd  5-year  segment  and  will  ba  13  yaara  old  hy 
tha  and  of  tha  fiaoal  yaar  1977.   As  a  rasult  of  1^  prograss,  tha  nuribar  of  rasaarch 
seiantista  and  tachaieiana  liwolvad  In  tha  national  pacograa  eawaads  fcnir  hundrad  and  aavaral 
tana>  and  the  total  funding  in  1977  amonted  to  3.7  billion  yen  (agpcoxliiiataly  $13  Riilllon» 
Fig.  I) .    During  those  years,  approxiaately  130  additional  poai^lone  Cor  scientists  and 
technicians  were  created,  and  a  total  of  IS  billion  yen  will  have  been  allocated  by  1977. 

m 

This  budget  is  the  largest  of  all  projects  in  solid-eartii  science  in  Japan.    Since  the 
Japanaaa  funding  excludes  salaries  and  tho  costa  of  construetico  of  observatoriaa,  tha  alae 

of  tha  Japanese  program  is  not  small  in  conparison  with  that  of  Idle  Onited  States  idiosa 
funding  was  $11  Million  in  1976,  including  salaries  <Mati«tal  AoadeaQr  of  Science,  1976). 

OnSMIZ&llfZOMS  mAIBD  TO  fRB  PRBDICTIOM  nUGRAM 

OBganisatlons  related  to  the  earthqiiMtke  prediction  program  and  thalr  attln  zolaa  are 
abown  in  Fig.  2.   All  swts  of  inteaaatlon  of  vp-to-data  raaaarcdi  and  obaarvatlona  eoneam- 
Ing  the  earthqudca  prediction  are  gatharad  into  tha  OCEP  for  judgments  with  respect  to  tha 
earthquake  occurrence  in  &nd  around  Japan.    Main  courses  of  infozmation  flow  to  the  CCEP 

are  illustrated  in  Fig.   3.     There  are  about  9  organizations  of  universities  which  have  their 
unique  programs.     Most  requirements  of  budgets  and  new  positions  from  these  organizations 
are  approved  by  the  concerned  ministries  or  agencies  (Science  and  Technology  Agency, 
Ministries  of  Education,  International  Trade  and  Industry,  Transportation,  and  Construction) 
through  ordinary  administrative  procedures.    There  are  no  review  panels  made  \ip  of  scientists 
assisting  a  responsibla  agency  in  aalaetlng  tiia  reaaarch  projeota  and  otiiar  raquiraHants 
to  ba  supported,  unlike  the  Otatted  States.    Nor  is  there  a  raqpoosibla  lead  agency  uhich  la 
responsible  for  the  whole  psograa  eoneemlng  tha  aarthviake  prediction,  liJw  the  State 
Sesinolegical  Bureau  of  China.    In  Japan,  however,  da^  regard  is  given  to  the  proposals 
by  the  Geodeay  Council. 
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The  CCEP  dttsignatad  some  areas  as  the  "area  of  speolflo  dbservation,  area  of  intensi- 
fied observation/  and  area  of  oonoentratad  oitearvatlon"  aa  the  target  of  a  strategy  of  oarth- 
qpiaka  soradiction.    iha  dsaigBatioa  of  an  "area  of  flEpacifle  obaarvatlon"  la  given  to  areas 
of  historically  disastrous  aarthqMakaSf  active  faults*  high  selsnieitjr  In  a  lisdtad  area,  and 
an  isgportant  area  fron  social  and  eeononic  aspects,  like  a  densely  populated  area.  Mhanavar 
anonalous  phenaB«Qa«  aueh  as  land  uplift,  are  observed  fay  aitfaar  natioaiHida  Observations 
like  geodetic  surv^t  seismic  observations  end  tide-gauge  obsarvations  ox  other  diservations 
in  tlie  *area  of  fv^clfic  observatloaf*  the  region  of  anonaly  is  designated  as  an  "area  of 
intenaifisd  observation.*    If  the  anoDalous  phenonena  are  later  su^ected  precursory  to  sn 
Inpending  earthquake »  the  designation  will  be  changed  to  an  "araa  of  oonoentratad  observa- 
tion,* and  all  taflPM  of  observations  will  be  coneentratad  there.   And,  if  the  precursor  Is 
later  aore  positively  ascertained,  all  efforts  will  be  concentrated  to  predict  an  eerth- 
quake.    As  Illustrated  in  Fig.  4,  the  Tokai  area  and  the  southern  part  of  the  Kanto  area 
iure  "areas  of  intensified  observation."    HOMver,  there  is  no  "area  of  ooncantrated  observa- 
tion" qp  to  the  present. 

ACTIVITIES  OF  THE  0C8P 

The  CCEP  has  not  yet  issued  any  prediction  of  an  earthquake,  in  contrast  with  the 
examples  of  the  United  States  and  China.    Hoiiavar,  after  its  establishment  in  1969,  the  OCBP 
released  a  series  of  information  related  to  an  earthquake  to  the  society  in  the  form  of 
general  warnings;  uplift  in  the  Boso  euvJ  Miura  Peninsulas,  no  chance        a  large  earthquake 
in  the  Kanto  region  for  the  time  being,  possibilitv    of  a  large  earthquake  in  the  Tokai 
area,  the  recent  uplift  in  the  lower  reaches  of  the  Tamagawa  river,  Kawasaki  city,  and  most 
recently,  the  uplift  in  the  Izu  Peninsula.    Thus,  the  CCEP  also  plays  the  role  of  a  mediator 
between  the  scientist  and  the  society    besides  the  judgment  of  earthquake  prediction. 

Although  any  prediction  of  eaurthquake  has  not  yet  been  issued  in  Japan,  if  we  take 
"prsdietion"  in  a  vide  and  gaoa/tal  sense,  such  predictions  were  issued  tMlee.    A  coordinat- 
ing oosaittae  issued  the  first  me  to  the  local  people  through  JHA  (Japan  Neteorologioal 
Agency)  when  the  Matsushlro  Earthquake  Swam  (1965-1967)  by  judging  from  Mioxoearthquake 
activities  preceedlng  the  occurrence  of  ■ediun-sise  earthquakes.   The  second  predictioa  in 
a  wide  and  general  sense  was  flMde  by  the  OCSP  tiefore  tlie  of f-Nemro  Earthquake  of  1973  by 
judging  fron  the  seisnloity  gsp  and  Vbm  aoouflnilated  cruetal  deSorBaticn. 

THE  STATE        EABTHQUAKE  PREDICTION 

Predictions  of  earthquakes  dbould  specif  ttie  tiae,  magnitude,  and  place  with  tht 
probabilities.   Bowever,  neither  the  preeent  state  nor  tiie  present  dietribntion  of 
instrwentatton  permits  useful  predictions  to  the  society  on  a  routine  basis.   An  eartti- 
quake  prediction  idieory  (e.g.,  Rlkltake,  1976)  or  a  formula  to  predict  an  earthquake 
is  not  ccHpleted,  but  is  at  the  developing  stage.   Also,  a  final  ne^nck  of  observations 
for  the  prediction  on  a  routine  basis  is  not  made  clear.   Mhat  is  certain  iss   axxr  Idnd  of 
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the  present  observations  is  not  sufficient  yet  and  we  have  to  monitor  not  only  one  or  two 
but  several  kinds  of  observations  in  order  to  select  a  phenomenon  really  precursory  to 
earthquakes,  rejecting  all  the  disturbances  from  other  sources.    And  a  final  synthetic 
judgmiit  ia  requirad  fm  obMXvational,  experimantal,  and  tiiaoratieal  a^pacts.  Although 
tha  pzaaant  atata  of  prediotion  la  not  at  an  advanoadr  aatlafactoxy  ataga,  if  a  praeoraory 
phMMMnon  to  a  lavga  aarth^ptaka  ^ppaara  vary  atxong  in  «  vida  asaa*  wa  could  raoogniaa 
tlM  pxecuraorB  fcon  the  prosent  nataoxk  of  Inatrunentatlon.   Therefore »  oonstniction  of  an 
lntegt»ted  eystan  of  data  gather lag/relea8e#  analyeeet  and  judgnents  Is  vnrged  especially 
for  tha  Tolfcai  area. 

PBOHOTKXI  or  EMerUQUJUCE  PREDICTI(»« 

The  Japaaeaa  national  Progran  of  Xarthqinake  Prediction »  since  it  was  laimcdied  in  196Sr  has 
been  gradually  atreagthenad  fay  sutual  ooopexation  of  different  organieatloas.    Tha  praaant 
organiaational  struetiire,  hmievarf  ia  no  longer  adequate  for  the  growing  progran  vith 
increasingly  wide  varielgr  of  obaervatlonal  data,  larger  continuous  nonitoring  systaHS» 
broadening  arees  of  research,  and  synthetic  judgpwnts  frcn  all  kinds  of  data  and  resear^ 
et  the  sane  tine.    Serious  prtdiiens  in  the  program  are  tha  chance  for  studtying  social  aspects 
of  prediction  and  the  absence  of  a  reqponslble  lead  agency,   tinder  tiiese  circumstances, 
tte  Headgioarters  for  Promotion  of  Earthquake  Prediction  was  established  in  October,  1976, 
with  purposes  of  interminlstrizil  adjustment  and  comnunication,  and  of  prcsption  of  compre- 
hensive and  systematic  planning  with  respect  to  the  national  programs.    This  Headquaurters  is 
of  the  highest  level  of  its  Kind  in  Japan  and  is  expected  to  influence  the  state  of  earth- 
quakes vary  much. 

XTmS  or  GBSBRVKTIORB  MID  RBSBMICH 

Items  of  research  and  observations  for  the  prediction  progrzun  are  outlined  as  follows i 
1.     GEODETIC  SURVEY.     A  nationwide  triangulation  (recently,  tlrlateration)  network 
consists  of  6000  first-order  and  second-order  triangulation  points  which  are  surveyed  by  GSI 
(Geoqraphycal  Survey  Institute)  by  means  of  geodimeters  at  5-year  intervals  (Fig.  5).  Also, 
naLioiiwide  levelllngs  of  first  order,  20,000  km  in  total  length,  are  conducted  by  GSI  every 
5  years  (Fig.  6) .    In  a  special  region  like  the  Capital  area,  GSI  has  a  plemning  of 
accurate  geodetic  DaasursBaBts  at  the  resurvey  intervals  of  2.5  years  and  other  teiqporary 
geodetic  nsavursHents  on  oceaeion.   <Sravity  eurveys  are  oondueted  by  081  and  universities 

3,    TXML  OBSBRVATIOK.    There  are  about  100  tide-gauge  stations  along  the  coast  at 
approxiaataly  lOO-km  intervals.    These  stations  belong  to  JHh,  <SSI,  and  HD  (iiydrographie 
Depertaent)  peisnrily  (Fig.  7) ,  but  their  cbeervational  data  are  gathered  into  the  Coastal 
MPV—ent  Data  Center  of  GSI  end  released  froM  this  center. 

3.   OdrrZHDOas  oeSBRniiTIon  or  CRDSTM.  movenbrt.   There  are  various  typa*  of  strain  and 
tilt  asters  for  continuous  obswrvation  of  cmstal  novanents,  but  thsy  are  still  at  the 
developing  stage.   Th^r  are  sllloa-^bar  strain  awtsrs,  wire  strain  aeters,  volunetrie  strain 
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Dtttars  of  burled  type,  tilt  mataxm  of  faordiole  type  and  of  tuiuMl  type,  and  ifae«r<-tuib« 
tilt  Mtaxft.   lto«t  of  than  bolonf  to  uiilvirBiti«B«  Jm,  «nd  CDP  (NfttloiMl  AMMroh  Center 
for  DiMster  Prevention)  and  are  diatriboted  at  about  30  sitea  illuatratod  in  Fig.  8. 
Recently  f  anpihaeia  ia  placed  on  the  continuoue  nonltordLng  of  eniatal  noveaienta  in  the  Ticdcai 
area  ae  ae«&  in  the  figure. 

4.  SEISMIC  OOSEBmimM,   Jm  haa  a  nationwide  netMork,  oonaiating  of  about  120 
8tationa#  for  large,  moderate,  cuid  teall  earthquakea  of  IPS  (Fig.  9),  and  regularly  pub- 
lishes a  bulletin  of  the  earthquake.    FurtherBore,  JUK  ia  nov  oonstruoting  additional  20 
high-aenaitive  atationa.   Micro-  and  ultra-  adevoearthquakea  are  obaerved  at  about  one 
hundred  and  aeveral  tens  atationa  which  belong  to  aiq^mdaately  20  obaervatoriea  of  several 
universities,  CDIP»  and  JKK  (Fig.  10).    Seven  univeraitiea  have  their  nebile  parties  for 
tenporary  observations  of  micro-  and  ultra-fldcroearthquaJces . 

CDP  installed  deep-borehole  seismometers  and  tilt  metersin  a  3500-n  well  at  the  Iwatsuki 
city  about  30  km  north  from  the  center  of  Tokyo,  so  as  to  overcome  artificieLl  noises  in  the 
Tokyo  area.    And  other  two  daep-borehole  observatories  will  be  oonpleted  In  a  few  yeara 
also  in  the  Tokyo  area. 

There  are  three  types  of  ocean  bottom  seismometers   (OBS) ,  an  anchored  buoy  type,  a 
free-fall  pop-up  type  by  the  University  of  Tokyo,  cind  a  svibmarine  ceible  type  by  JMA.  JtIA 
intends  to  set  several  OBSs  of  subsiarine  cable  type  off  the  shores  of  Tokai  area  for 
continuous  observation  on  a  routine  basis. 

5.  VBLOCmr  GHMns  OF  SEISMIC  HMBS.    In  flooperation  with  univeraitiea  and  CDP,  OS 
(Geological  Svtvmjf)  haa  repeatedly  conducted  tiie  esqploalon  ei^erlssnt  at  isu-Oabiva  island 
since  1968  at  Intemla  of  apprcgdinately  one  year,  with  the  sin  of  laonitoring  the  veloei^ 
change  of  seiaaic  V  wnves  propagating  beneath  Sagani  Bay,  wiiioh  waa  the  spicantral  area  of 
the  great  Kanto  earthg^«ke  of  1923.   tto  velocity  change  eoceeeding  0.1%  haa  been  observed 
UP  to  the  pressnt  (Fig.  11} . 

6.  AcnvB  fahlss  mid  Fowmes.   By  nutual  oooperatien  of  univeraitiea,  GS,  and  COF 
^  rasearch  of  active  faults  and  foldings  over  the  country  were  sunaarised  and  piiblii9ied 
(e.g.,  Researcii  Group  for  Qustamary  Tectonic  Nop,  1973).   Matsuda*s  work  (1972)  is  a 
classification  of  aetive  faults  based  on  an  av«rage  dislooation  (Vable  2) ,  and  it  inoludas 
his  studies  with  respsct  to  a  recurrent  Interval  of  earthquakes  along  the  fault.  Recently, 
a  research  group  of  Kaizuka  and  his  colleagues  investigated  the  distribution  of  active 
faults,  their  activities,  and  seismic  risk  all  over  the  country, 

7.  GEOMAGNETIC  AND  GEOELECTRIC  OBSERVATIONS.    Much  emphases  are  placed  on  geomagnetic 
secular  variation.     There  is  a  nationwide  array  of  accurate  proton-precession  magnetometer* 
as  shown  in  Pig.  12.     The  natural  noises  contaminate  the  observed  values  of  the  total 
intensity  of  the  geomagnetic  field  unexpectedly  so  much  that  it  might  not  be  easy  to  detect 
significant  changes  associated  with  an  earthquake.    First-order  geomagnetic  surveys  are 
oonducted  every  5  yeara  by  OSI  at  about  300  aitea  all  over  the  country.   Continuous  aonl- 
torlng  of  the  earth*  a  rasistivi^  changes  has  been  carried  out  at  Aburatst^o  about  60  In 
south  of  Tokyo.    Sane  precursors  and  ooaeianie  changea  have  been  reported  (e.g.,  yawasakt , 
197S) . 
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8.    LABORATORY  EXPERIMENTS.    Apparatus  for  the  experiments  of  rock  failure,  which  sim- 
ulates the  circumscances  prevailing  within  the  earth's  crust,  were  installed  at  five  univer- 
BltiM  aoA  G8.  This  kind  of  Inwstlgation  is  reprssentcd  by  Mogi's  ssriss  of  e^^erinsnts. 

9*    MORKB  lOUTBD  TO  GBOOMD  NATBR.    Rsssszch  on  ground-wstar  level,  chemical  analysis, 
MUd  eadon  oontsnb  as  mil  as  otiisr  vatsr^-xslatsd  sMsaroli  fzan  tiw  vlaMpoliit  of  oasthQuaks 
pradiatlon  bolong  to  the  seiantific  fialds  iAsm  Jsipan  was  behind  ether  ooiintrles. 
S0o«ntl7f  the  University  of  Volgro  and  GS»  however.  Investigated  socdi  vater-related  probleas 
(e.g. ,  Makita,  1976) .   Also,  CEP  Is  going  to  start  on  such  vorks  with  a  newly  oreated 
re  search  gsoup* 

10.    DKIA  VHOCBSSIin  Mb  NOllXXORZlllS  SYSTEM.   Various  oenters  for  spooitlc  activities 
ware  estsbltshed»   ttie  Grustal  Activity  Monitoring  Center  in  GSIi  the  Seisnicity  McmitcKlng 
Center  in  mAf  the  larthqn*k*FKwdlGtlonabeervatlon  Center  in  EKL  (Earthquake  Research 
Institnte)  i  and  the  Local  Center  of  Barthgoake  Prediction  Cbservaticn  in  each  of  five  naln 
universities.    These  oenters  are  gathering  and  prooessing  the  widely  growing  varied  of 
observation  data.    Host  of  the  data  are  gathered  and  sent  by  a  telemetering  network  to  these 
centers.    Furthermore,  at  present,  a  coordinated  system  of  synthetic  and  rapid  judgments, 
analyses,  and  data  gathering/release  from/to  all  the  centers  and  organizations  all  over  the 
country  is  under  discussion.     To  promote  the  short-term  prediction  in  the  Tokai  area,  which 
is  publicly  suspected  to  be  dangerous,  a  judgment  coonittee  is  going  to  steirt  the  work 
under  the  supervision  of  the  CCEP. 
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Tibl«  1.   ProQvuB  to  tutm  of  Sarttaqnite  Pmdlatlan 


Y.  N. 

1961  4     Thtt  first  Mtttlng  of  tte  rMearch  gvoiv  for  wurthanate  pndictiea  ptogran* 

1962  1      "Earthqpialw  Prtdietloin— -VrogMSS  to  Mt*  and  tlm»  foe  rtMam*  was  Issmd  trm 

the  above  research  group. 

1963  6        The  Sectional  Meeting  of  Earthquake  Prediction  WW  ••tabXlsbad  In  tlM  Geodesy 

Council  in  the  Ministry  of  Education. 
10      The  Science  Council  of  Ji^an  xecGimended  the  Govemnent  to  promote  earthquake 

prediction  research. 

1964  6       The  Geodesy  Council  proposed  to  the  Ministries  of  Education,  International  Trade 

and  Industry,  Transportatxon,  and  Construction  on  planning  of  earthquake  pre- 
diction research. 

1965  3      The  Sub-Gonmlttee  Heeting  for  Earthquake  Prediction  was  established  In  the 

Ooovdlnetlng  Oomittee  for  Geoplqfvical  Reseracb  la  the  Selene*  Council  of  Japan. 
4      Beglimiag  of  flnanolal  sqpport  to  tbm  pvogtim  of  aartliqpialM  pvadletlon  roMaxob. 

6  Yearly  aeliadulas  of  eartfaVMdw  paradlctlon  roMardi  ware  awtte  by  tha  Snb-Genalttee 
Meeting  for  Barthquake  Prediction. 

1906  6      Vb»  yearly  aebadnlea  war*  nodifiad,  eonaldariag  tba  anq^lanca  of  tt»  NatmAiro 
earthquake  avazx. 

1968  5      Aidaaawladgsawnt  at  the  Cabinet  Coiinell  on  applieatien  of  eartliqnak*  pradletlen 

raaaardi,  in  oonsidaratlon  of  danagea  catiaad  by  the  1968  Off-Vokadii  BartjigBaifa. 

7  lha  Gaodasy  Council  proipoaad  to  ftia  ralatad  Mlnistars  on  aciplioation  of  aartbquaka 
prediction  research. 

1969  4      lha  coordinating  CDinmittee  for  Earthquake  Prediction  waa  eatabllshed  in  the  Geo> 

graphical  Survey  Institute »  for  exchanging  Inforaaticn  and  overall  judgnenta 

concerning  earthquake  occurrences. 

1973  7       Agreement  to  prcrrot-o  eari-hqiiikr  prediction  at  the  Central  Conference  for  Disaster 

Prevention  i"   the  Prime  Minister's  Offic-^. 

1974  11      The  Coordinating  committee  to  Promote  Earthquake  Prediction  Research  was  s8tab> 

lished  for  administrative  adjustment  among  the  Ministries  and  Agencies. 

1976  10      The  Headquarters  for  Promotion  oi  Earthquake  Prediction  was  established  in  the 

Cabinet  and  the  above  coordinating  ccaaiLttee  to  pronote  earthquake  prediction 
raaaardk  waa  dlaplaeed  by  tMs  haadquartara. 

1977  Ik  Judgment  canBlttee  of  the  Mtal  Area  wlU  be  aatabliahad  to  pcoaota  ahevt-tam 
pradictioa  in  the  lokai  area. 
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TaMe  2 

Main  active  faults  in  Japan(Matsud3 ,  1972} 
A;  the  mean  rate  of  movement  »  1-10  n/lOOOyears 
Bj  •»..  0.1-1  " 

C;  "    less  than  0.1  " 


LocBtion  Maim  of  fault  Typa  Lrncth  Claa 

(km) 


Akiu  Pr«r. 

Rilmu 

m-ene  fault 

60 

B 

Iwatc  Pt«f. 

Mcirioka 

rev»M  fault 

40 

B 

Fkil^vtlitinii  Ftrtt 

Pukuahima  butn 

Mvafae  fkult 

50 

B 

Fukusihinia  Piret. 

Aitu  basin 

reverie  fault 

40 

B 

Kiicata  Pref. 

Nagaoka  plain 

ravevac  fault 

SO 

B 

KasanoPtef. 

Sankoji  baitn 

NvarM  butt 

70 

B 

NiiC'xo  Pref. 

Itoicawa-SblxuolM 

lertblrrr.l 

80 

A 

Shisuoka  Pref. 

North  Litt 

kfl-Iatetal 

30 

A 

Tayama  and  Gifu  Ptcf. 

Atolaugawa 

ri^t-lateral 

60 

A 

Gifu  Pref. 

Atvrn 

len-lulersl 

70 

A 

Oitu  Pnf. 

Neo  valley 

laft-latcral 

70 

A 

Pukoau 

nvma  Hmtt 

10 

C 

Taneo 

Itft^atMal 

ao 

C 

llyoBo  Pref. 

reverse  fauU 

so 

B 

Hyogo  Pr»f. 

Yamszaki 

left-lateral 

50 

A 

Tbllorf  PmT. 

Tottort 

rii^Matenl 

15 

C 

SouUiwMt  Japan 

Madian  taelomle  lim 

rt|!ht-laUMl 

600 

A 
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36.5 


30 


20 


10  - 


1965 
Pig.  1. 


1970 


1977 


Yearly  bodgat  related  to  thm  prttdictioii  progm 
in  billion  ytn  (Scienoe  and  Tiechnology  hjmeY, 

1976) 
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Fi9.  4.    Designation  of  aroa  tay  tha  Coordinating  ccomittea  for  Barthquake  Prediction 


IIX-12 


Uiyitizea  by  Google 


300  Km 


Fig.  5. 


Nationwide  network  of  a  first-order  triangulation. 
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100  200  Km 


TOKYO 


ABDIATSOBO 


6.    K-tWide  tot^rder  levelling  route. 
20,000  tu  In  total  langth. 
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Fig.  7.    Tide-gauge  stations  registered  at  the 
Coastal  Movewmt  Data  Center. 
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The  Complementary  Importance  of  Eariliquake  Prediction 


and  StrucCuriil  Response  Esliimtioa  in  Seismic 


Design  and  Planning  Decisions 


W3SDS  K.  IKGtllBE 


U.S.  Geological  Survey,  Denver,  Colorado,  U.S.A. 


Abstract 

The  preaeot  uncertainty  in  estinating  the  rasponsea  of  namade  and  natural  atrueturea 
to  earthquake  threata  ia  tranalated  Into  coat  penaltlea  reflecting  eoata  aaaoelated  with 

possible  failure  of  the  structure  due  CO  underestimated  response,  and  costs  associated  with 
overdesiga  o£  the  etructure  (or  over-conaervative  reaction  to  a  haaard)  due  to  overeatl- 
Mted  levela  of  notion.    The  Inportant  uncertalntlea  for  aelaKlc  dealgn  and  planning  deel- 
alona  are  those  aaaoelated  with  the  size,  location,  and  tine  of  future  earthqoafcea,  and 
those  associated  with  eeillEQatlng  ground  motion  and  structural  response  during  these  events. 
It  la  ahoun  that  reducing  the  uncertalntlea  In  one  part  of  the  problsv  has  only  a  ninor 
effect  on  reducing  the  (aocial  and  economic)  coat  of  earthquakea  unleaa  aignlflcant  and 

are  aim  nude  In  reducing  the  uncertalntlea  of  the  other  pert. 
KEYWORDS:     Seismic  risk;  Design  decisions;  Minimum  cost. 

Introduction 

Long-term  earthquake  design  and  planning  decisions  are  made  dally  and  will  continue 
to  be  Bade  aa  earthquake  prediction  capabllitlea  develop  and  aa  new  theoriea  are  teated 
to  eetiaate  ground  BOtlona  and  reaponaea  of  atrueturea  (natural  and  nanaade).  Theae 
deciaiona  include  choosing  aelamlc  design  levels,  zoning  land  for  different  types  of 
development  depending  on  the  earthquake  hazard,  and  condemning  existing  low-strength 
bulldlnga.   The  ttncertalntles  aaaoelated  with  earthquake  occurrence  and  with  the  ground 
aotloa  and  atruetural  responae  gmerated  by  the  event  lead  to  coat  penaltlea  aaaoelated 
with  these  decisions.    The  purpose  of  this  paper  is  to  exanlne  simple,  typical  cost 
penalty  functions  and  to  estimate  the  penalties  associated  with  present  uncertainty  and 
with  varioue  advaneea  in  earthquake  prediction  capability  and  in  ground  aotlon  and  atruc^ 
tural  reaponae  eatination* 
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Cost  penalties  can  be  aeeoelated  with  the  two  fwssltile  outcomes  of  a  design  or  plan- 
niag  decision  regarding  earthquake  hazards:    failure  o£  the  structure  or  system  of  inter- 
«st»  or  siirvival  of  tha  structure  or  vjBtm  because  of  over-design.  The  rare  Instances 
In  which  a  stxuetare  ea^erieoces  eiactly  Che  design  response  duxing  Its  lifetine  can  be 
regarded  as  a  trivial  case  of  the  second  type  of  outcone.    For  the  purposes  of  this  brief 
study,  the  "earthquake  demand"  as  well  as  the  "structural  capacity"  will  be  measured  by 
xendoor^eriable  Y,  lAleh  my  (es  In  the  exai^le  to  follow)  be  peak  ground  ecceleratlon 
or  sons  other  ground  notion  neesure,  or  it  ney  be  a  structural  rceponse  neesure  (inter' 
story  displacement,  percent  liquefaction  of  an  earth-fill  dam,  etc.). 

The  failure  cost  penalty  Cp(y^,T)  is  a  function  of  the  design  capacity  y^  and  the 
deaend  on  the  structure  Y  (this  denaad  may,  in  the  general  ease,  be  the  result  of  one 
esrthquake,  the  nazinom  of  a  series  of  earthquakes,  or  the  eumilative  effect  of  a  series 
of  earthquakes).    Let  y  be  a  specific  observation  of  Y;  then  failure  Is  defined  as  y^y^« 
A  possible  function  for  Cp  is  shoun  in  Figure  1.    For  y£y^  there.  Is  no  fsllure;  as  y  In- 
creases ebove  y^,  Cp  Increases  fron  cero  to  e  Bsadaiun  value      which  nay  represent  the 
replacement  cost  of  the  structure  or  the  oaximm  life  loss  possible. 

The  cost  of  over-design       is  equal  to  the  cost  of  earthquake  deaign  provided  in  the 
stroetore  C^Cy^)  •  elnos  the  cost  of  esrtiiquake  design  which  would  beve  Just  met  the 
earthquafce  deaand  y,  G^^Cy)'   A  typical  increese  In  cost  of  eertiiquake  reslstenee  es  a 
function  of  capacity       is  shown  in  Figure  2.    The  over-design  penalty  cost  Cg  is  thus 
the  "extra"  capacity  which  is  designed  into  the  structure  and  which,  in  retrospect  after 
having  observed  s  selsale  densnd  veins  y«  is  not  used.       is  obviously  defined  only 
iriien  the  observntlon  y  of  T  is  <y^. 

The  penalty  cost  functions  presented  here  may  easily  be  interpreted  as  dollar  costs 
associated  with  repeirlag  and  deslgolag  a  specific  structure.   The  failure  penal^  func- 
tion nay  also  be  Interpreted  as  the  cost  of  life  loss  or  loss  of  service  of  eoee  facility; 
the  overdesign  penslty  function  nay  be  considered  the  cost  of  oon-developncnt  of  sons 
area  of  potential  soli  failure,  or  the  cost  of  needless  condemnation  and  razing  of  build- 
ings*  Capacity  y^  night  bs  chosen  by  optimisation  to  minlnlse  a  total  cost  function 
(not  the  penalty  functions) .   the-  optlnun  design  could  loply  sons  etructurel  repelr  or 
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casualty  cost  sven  whan  7  exactly  aquala  y^  (for  Inataneai  non-structural  partltlona 
Bight  be  allowed  to  crack  In  a  building  during  the  design  earthquake  denand);  in  this 

case  the  penalty  functlona  represent  increases  in  costs  for  cases  in  which  y>y^  or  y^y^. 

The  espacted  penalty  for  a  given  design  capacity  y^  can  be  calculated  as  ths  over- 
design  cost  (a  function  of  y)  tinea  the  distribution  function  of  Y  given  y<y^«  integrated 
over  all  values,  plus  the  failure  coat  (also  a  function  of  y)  tiiies  the  distribution 

function  of  Y  given  y^y^*  integrated  over  all  values.  Mathematically, 


+ f  Cp(y,y^)fY(y)/a-F^(y^))dy 
^d 

where  £^  ie  the  density  function  and      the  cumulative  distribution  function  for  T. 
This  espected  penal^  can  be  interpreted  as  the  average  penalQr  for  a  group  of  atrue- 
tures  (with  the  sane  cost  penalty  functions)  subjected  to  what  is  ostensibly  the  sane 
earthquake  risk,  or  as  the  expected  penalty  for  a  single  structure.    The  advantage  with 
working  with  penalty  functions  (ovsr  espected  cost  functions)  is  that  they  derive 
entirely  from  our  lack  of  perfect  knowledge  of  the  proceaaea  governing  earthquake 
occurrence,  ground  notion  generation  and  transnisslon,  and  structural  response.  If 
there  wcare  no  uncertainties  In  any  of  these  processes,  we  would  simply  predict  the 
design  eerthqoake*  calculate  y,  deeign  the  etrueture  (presuaably  for  nlniinai  coat), 
and  incur  no  panels*    Since  tliare  are  uncertaintiea*  we  can  calculate  (through  equa- 
tion (1))  the  essoelated  costs,  and  can  estliiate  how  these  costs  decrease  with  reduced 
uncertainty  (better  theories)  about  physical  phenomena* 


Slnple  Bisiiple 

A  slflvle  faypodieticel  problen  has  been  chosen  to  illustrate  several  pointa.  A 
building  site  is  threatened  by  en  earthquake  source  located  25  km  away;  the  source 
produces  earthquakes  in  the  magnitude  range  5-7.5,  with  a  Richter  b  value  of  0.88,  at 
an  averege  rate  of  one  per  yeer.    Ground  acceleration  y  is  chosen  es  the  intensiQr 
■assure  of  interest  (it  is  sssunsd  for  slavlici^  that  y  is  a  good  eetlmator  of 
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Inslldlng  daaag*  and  Is  a  good  neaaure  to  aatlaaee  daalgn  eoata).   The  aetemiatlon  aqoa» 

tion  used  Is  In  y=6.16+.65M-1.3  ln(R+23) ,  where  M  is  magnitude  and  R  is  source-to-site 
distance  (25  1«  In  thla  eaaaple).   Ihla  attanuatlon  equation^  ia  typical  of  noat  for 
the  range  In  «hleh  there  la  plentiful  data;  dlaparslon  of  obaarved  values  about  the 
regression  eatlnates  Indicates  that  the  standard  deviation  of  In  y  Is  0.51,  «tileh  la  a 
typical  dispersion  £or  California  acceleration  data.    A  lognomal  distribution  o£  y  is 
used,  correapondlng  to  conelusloaa  reached  by  nany  reaearchers* 
The  failure  coat  penalQr  fuaetloa  chosen  la 

io  ysy. 

k 

which  crorraaponde  to  the  slnple  situation  that  the  cost  of  raplaeanent  la  Incurred  If 
the  design  intensity  is  exceeded.    (No  increase  In  replacement  cost  with  seismic  design 
level  la  aasunad  In  thla  ainpla  analyals*)   For  die  over^Mlgn  penaltyy  the  foUewlog 
function  la  uaadt 


fo(y^-y)  y£y^ 


c-(y,y.)-  {    "  O) 

Thla  correaponda  to  a  linear  Inereaae  in  dealgn  coat  with  y^.    The  total  expected 
penalty  ia  calculated  using  equation  (1). 

The  penalty  aaaoclated  vlth  current  technology  (no  earthquake  prediction  aathoda 
avalliAle»  typical  dlaperalon  In  ground  notion  IntanslQr  eatlnatlon)  will  be  calculated 

and  will  be  compared  with  the  (reduced)  penalties  associated  with  various  advances  In 
prediction  technology  and  in  ground  laotion  eatimation.  It  ia  aasuned  that,  with  pre- 
aent  technology,  designing  the  building  under  coinaideration  to  survive  earthquake 

owtlons  during  Its  llfetioe  with  90-percent  reliability t  l>a. »  F  (y  .)"0.9»  reaulta  In 

y  ^ 

mitiimum  total  cost.    The  choice  of  design  motion  assumiag  advances  in  prediction  tech- 
nology and/or  ground  motion  estimation  la  alao  made  ualng  a  nintaua  coat  criterion.  A 
risk  of  aona  else  ia  inherent  In  aoy  choice  of  dealgn  intaaai^,  either  explicitly  or 
lapllcltly,  and  will  ranain  until  all  uncertainties  In  earthquake  predlctlont  ground 

motion  estimation,  and  building  response  estimation  are  eliminated  or  at  least  bounded. 


^R.  K.  McGulre,  "Seismic  Structural  Response  Risk  Analysis,  Incorporating  Pe;.!;  Response 
Regressions  on  Earthquake  Magnitude  and  Distance,"  H.I.T.  Dept.  of  Civil  Eng.,  Research 
Keport  R74-51,  371  (Augoat  1974). 
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Distributions  of  Ground  Motion 


Figure  3  shows  the  distribution  of  intensity  y  during  the  structure's  lifetlne 
using  the  assufflptions  and  properties  presented  above,  and  using  a  typical  state-of-the- 
art  risk  aiMily»l«^.    Fron  the  PolMon  distribution  thme  !•  a  probublllty  of  0.37  that 
no  oarthiquako  occurs  at  all.  reaultlng  In  the  spike  of  height  0.37  at  y*0.  Aeeordlns 
to  the  10-pcrcent  risk  design  rule  assumed,  the  value  chosen  for  y^  is  22-percent  g. 

The  penalty  associated  with  this  procedure  can  straight-forwardly  be  calculated 

via  aquation         using  Figure  3  for  fyCy).    Parforalng  this  calculation  gives  a  psnslty 

of  13.8(»H>*1  C^,  the  first  tern  due  to  over-design  Cbeeause  no  earthquske  occurs  or 

because  the  earthquake(s)  which  occurs  produces  an  Intensity  y<y,)  and  the  second  term 

d 

due  to  possible  failure.    The  assui^tion  that  this  a  nialnun  cost  design  aeans  that 
a"0.0125  Cj^.  and  this  ralatlonsblp  is  used  for  subsequent  casas. 

Let  us  hypothesize  first  that  a  perfect  positive  earthquake  prediction  capability 
is  available,  i.e.,  that  precursors  have  been  identified  which  are  sufficient  to  pre- 
dict all  earthquakes  during  a  structure's  llfatiae,  but  which  are  not  known  to  be  neces- 
sary, so  that  the  absence  of  earthquakes  cannot  be  predicted.   This  is  an  optlntscle 
goal  for  an  earthquake  prediction  program  to  achieve  in  5  to  10  years;  we  would  be 
happy  if  precursors  can  be  Identified  which  will  allow  reliable  predlctlona  of  the  size, 
location,  and  tlae  of  the  next  event  on  a  section  of  fsult.    Those  faults  irtilch  do  not 
eidtlbit  the  prscursory  bahavlor  would  be  suspected  of  being  sseisnie  (during  the  llf e^ 
time  of  a  structure)  but,  until  nore  detailed  Investigations  and  data  gathering,  no 
specific  aselsmlc  prediction  would  be  made.    The  distribution  of  ground  motion  from  the 
prsdlctsd  svsnt  depends  upon  Its  size;  distributions  of  y  for  three  events  (nagnltuda  5» 
6»  and  7)  are  shown  In  Flgurs  4.    Tha  iilniiwiw  cost  erltarlon  is  ussd,  and  it  is  assuasd 
also  that  only  one  event  is  predicted  during  the  structure's  llfetltta.    The  expected 
penalty  for  each  design  depends  on  the  magnitude  of  the  predicted  event  (it  increases 
with  nsgnitttda)  and  this  penslqr  can  be  ealculatsd  with  equation  (1) .   To  datantlna  an 
aqpaetad  psnslty  for  a  alngle  stmcturs  before  the  earthquake  is  prsdlctsd  (or  squl- 
valently  to  calculate  the  average  penalty  for  a  large  number  of  etructures  to  be  affected 

^R.  K.  McOolre,  "Fortran  Conputsr  Progran  for  Selsale  Ritffc  Analysis,"  U.S.  Geological 
Survay  Open-File  Report  76-67  ,  90  (1976). 
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by  a  range  of  predicted  magnitudes)  we  use  the  exponential  magnitude  distribution  and 

lat«grat«  av«r  «1I  valiMS  b«CNMn       and  M>7«5.   Parfonlng  this  calculation  givaa  an 
«xp«et«d  ovar^MlgB  paiialC7«  fpr  caaaa  In  iihieli  aarthquakaa  can  ba  pcadietad,  of  11  >1 
o.    Tha  ozpacted  fallittv  penalty,  calculated  by  weighting  according  to  the  eiqionentlal 
magnitude  dietxlbutlon,  la  0*077  C|^*   Ualng  the  relationship  between  a  and  Cj^  described 
abova*  the  total  xpaetad  panal^  la  80  paxcant  of  thnt  for  ttia  tIsIc  annlysts  enM*  It 
■mat  be  coneloded  that  the  eapeeted  cost  penalties  aaaoclated  wldi  long-ten  enrthqnake 
design  and  plaimiQg  decisions  will  not  be  reduced  greatly  by  a  positive  earthquake  pre- 
diction  capability* 

If  a  perfect  poeltive  and  negative  prediction  capability  la  aralUble  (I.e. »  we 
can  predict  aarthqoakaa  and  no  eerthqeakaa) ,  the  expected  penaltleo  are  reduced  beeauae 

there  ace  no  penalties  (and  no  costs)  for  structures  which  will  not  be  shaken.  Asauo- 
Ing  (f roa  the  Poiaaon  diatribution  deacxibed  above)  that  this  happens  37  percent  of  the 
tlae«  the  peanltles  MBoelated  with  •  positive  prediction  eapeblll^  ere  reduced  37 
percent)  to  SO  percent  of  the  penelty  celculated  for  rlefc  enalyaia.   Wa  are  thee  feeed 
with  the  interesting  conclusion  that*  given  present  uncertainties  In  ground  notion 
eatlnation,  nore  benefits  In  long-tera  planning  decisions  viU  be  realised  in  en  earti^ 
quake  pradietlon  progran  by  Identifying  faults  and  arses  irtisre  earthqpiskes  will  not 
occur,  rather  than  where  they  will  occur. 

To  determine  the  effect  on  cost  penalties  of  advances  in  ground  motion  estimation* 
the  three  cases  above  (no  earthquake  prediction  cspability»  positive  cspebUi^t  pool- 
tive  and  negative  eapeblllty)  were  repeated  eeeuaing  first  that  uaeerteinty  in  ground 
motion  is  reduced  by  one-half  (o  of  in  y-0.25),  and  second  that  it  is  reduced  to  zero. 
The  coat  penal tiaa  were  calculated  in  a  nanner  identical  to  that  deacribed  above. 
Table  1  mnMrlsas  the  eapeeted  panaltlea  under  varieua  hypotheeiaed  edvaneee  in  pre- 
diction technology  and/or  ground  notion  sBtiaatee*  as  percentngee  of  the  expected  pen- 
alty under  present  technology  (first  row,  first  column).    Table  2  Indicates  a  similar 
conpariaon  for  the  total  eicpected  coet  for  each  caae«  calculated  as  the  dealgn  coat 
plus  the  fellure  cost  tiase  die  probability  of  fallura«  i.e.,  oqr^4C|^(l-r^(y^)) ,  intei- 
greted  over  the  various  possibilities  where  applleabie. 

It  can  be  seen  from  the  first  column  of  Table  1  (or  2)  that  (as  discussed  above) 

the  rsdoction  in  expected  penalty  is  oaall  when  going  fro*  present  technology  to  a 
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positive  prediction  capability,  primarily  because  of  the  large  uncertainty  In  ground 
■otloii  glvaa  tb»  prttdlci;loa.    Similarly,  reading  aeto»s  th«  first  row  of  Table  1  (or 
2)  the  reduetloB  in  expected  peaal^  dee  to  reducing  nacertainty  in  ground  notion  ie 
enallt  prlaarily  becauee  of  tlie  large  uncertainty  In  earthquake  alee,  location,  and 
tine  of  occurrence.    It  is  only  trtwn  advances  in  both  earthquake  prediction  and  ground 
■otioa  estlaatloa  are  nde,  that  auhataatlal  reduetiona  in  expected  penaltieo  and  total 
coata  are  achieved* 

Conclusions 

It  is  shovra  by  this  Simple  study  that  advances  must  be  made  in  both  earthquake  ■ 
prediction  capability*  and  la  ground  notion  and  atroetural  responaa  aatliiation  teeh^ 
nologyt  for  the  coeta  aeeociated  with  long-teni  deeign  and  planning  decielona  to  be 
algnif icantly  reduced.    Large  reduetiona  In  theae  coata  will  not  be  achieved  by  an 
earthquake  prediction  capability  alone,  nor  will  they  be  achieved  solely  by  more  ad- 
vanced theoriea  to  eatlaate  ground  aotlon  and  atruetoral  reaponae.   Thla  la  the  caae 
whether  one  eaaninea  the  expected  coet  penal tiea  due  to  uneertaintiee  in  eatlnating 
structural  responses  during  future  earthquakes,  or  whether  total  expected  design  and 
failure  costs  are  used  as  the  criterion  for  coiaparlson.    Design  and  planning  coats 
Will  be  reduced  aoBewhat  by  a  perfect  poaltive  prediction  capability  (weaning  that 
eerthquake  preeureora  have  been  identified  which  are  euf f ieient  but  not  neceeeary  for 
prediction  purposes);  wore  ooet  reduction  will  occur  when  a  perfect  positive  aal  nega» 
tlve  prediction  capability  is  available  (meaning  that  faults  can  be  identified  fAlch 
can  be  aaaunad  to  be  aaeiaaic  in  tAe  futuroi  for  planning  and  design  purpoaea). 


IIX-26 


Uiyitizea  by  Google 


TM.m  1 


Bxpacted  Cost  Penaltltts  «8  Percent  of  Present 

Penalty  Auc  to  Uncertainties  in  EartViquak* 
Occurrence  and  In  Ground  Hotlon 


Present 

Ground  Motion  Uncertainty 
1/2  of  Present 

No  Uncertainty 

None 

100% 

60Z 

56Z 

Earthquake 
prediction 
eepablllty 

Positive^ 

capability 

Positive  and 
negative 
capability 

80Z 

501 

33Z 
21Z 

oz 
oz 

*Aaaly8ls  only  for  sites  %diere  events 

are  predicted. 

lable  II 

Total  Expected  Costs  as  Percent  of  Present 
Cost  of  Earthquake  Deelga  end  Failure 

Present 

Grottnd  Motion  Uncertainty 
1/2  of  Present 

No  Uncertainty 

MOne 

lOOZ 

Bit 

76Z 

Earrhq'irike 
prediction 
capability 

Positive* 
capability 

Positive  and 
negative 
capability 

60Z 

662 

42Z 

38Z 

24Z 

^Analysis  only  for  sites  wtnrs  events  are  predicted. 
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FAILURE 

COST 

PENALTY 

Cr 


CAPACITY 
EARTHQUAKE  DEAAAND  Y 

ri6.  1-  7AIL01IE  cost  PENALTY  AS  FUNCTIOK  OF  EARIIiqUAKE  DEMAHD. 


CAPACITY     AND  DEAAAND  Y 

PIC.  2-  DESIGN  COST  AS  FUNCTION  OF  CAPACITY. 
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ACCELERATION  y  (%g) 

FIG.  3«  DISTRIBUTIlHi  OF  ACGBLBRATION,  RISK  ANALYSIS. 


ACCELOATION  y  (%9) 


FIG.  4-  DISTRIBUTION  OF  ACCELERATION.  3  PREDICTED  EARTliqilAKES. 
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RES£«rvRCH  AND  DEVELOPMENT  OF  PERMANENT 
OCEAN-BOTTOM  SEISMOGRAPH  OBSERVATION  SYSTEM 
an  IRB  PACIFIC  COAST  TO  CENTRAL  HONSHU,  JAPAN 

Akira  SuMf  Rud,  Saimology  c  Voleaaology  Division 
norlo  YaaakaM,  QdMt,  let  tabosatozy  of  tha  Division 
TatoQto  Ilnou*  Chlaf  #  3i:d  LaboratoKy  of  tha  Division 
Natsocologieal  Aasaardb  Instituta 
Japan  Nataocological  Agan^ 

ABSTKACT 

Eighty  to  ninety  percent  of  all  tha  aarthqpiakas  in  tiie  tnrld  oocnir  in  tha  aaa  ««aa* 
Hovaivar«  there  is  not  a  single  pennnant  ocean-bottOB  solsBognph  yet;  tiiis  is  tlw  weakest 
point  in  saisHiG  activity  Monitoring  and  earthquake  prediction.   The  Seiannlogy  and 
voioanology  Division  of  tha  Mateorolofrical  naseareh  Instituta  has  baan  angagad  in  the  davel- 
cgpawnt  of  a  paxBanant  ooaan-hottoai  saianogriqph  cbaarvation  ayatsK  off  tiha  Pacific  coast  of 
Ibkai  Distrietr  central  Vomim,  which  la  one  of  the  Major  itana  included  in  the  3rd  Fiva-Year 
Pltti  of  the  Hatlcoal  FregrSB  of  Bartiiqiiiake  Prediction  Raaaarch  in  Japan  (1974-1978) . 

Tha  obaarvation  ayatani  being  devalaped  coasists  of  tlia  cotUnation  of  subnarino  and 
land  aqwipaiant.   Vba  aubaarina  aqgifMant  eonaiata  of  one  taradnal  apparatoa  and  aavaral 
intesnadiata  apparatust  i,;,  praaaura  vaaaals  containing  seismograph  and  tstiaani-aiatar 
sensors,  and  signal  transmitters,  which  are  connected  in  series  by  a  submarine  co-axial 
cable.    This  equipnent  is  laid  one  hundred  and  twenty  kilometers  off  Omaesaki,  Shlzuoka 
Prefecture,  at  the  ocean-bottom  down  to  3,000in  below  sea  level.    On  the  other  hand,  the 
land  equipment  consists  of  receiving  and  repeating  apparatus  in  the  shore  station  (Omaezakl 
Heather  station) ,  and  receiving  and  data  processing  apparatus  at  the  Earthquake  and  Tsunami 
Center   (Japan  Meteorological  Agency  in  Tokyo) . 

This  development  project  has  been  progressively  inq^lemented.    Trial  layings  of  the 
sufeHarlJia  equipaiant  have  been  carried  out  already  and  actual  layings  are  planned  in  1978. 

USmUMWt    cablaai  davalopMnt  of  sUhaarina  aqqipaanti  aartht^iaka  pradictioni  ooaan-botton 
aaiaaograpb. 
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mJOR  AIMS  or  THIS  OBSBinnkTXOH  SYSnH  DBVELOBMBHT 

TMD-tiiicdfl  of  tlM  9lobe*B  Burfaott  Is  oovaxad  with  sm  ifatar,  aoA  aooordingly,  80  to  90% 
of  all  tiMt  MrtliqiMkes  take  place  in  the  a«a  area. 

Ten  to  fifteen  percent  of  the  world's  earthquakes  occur  in  and  near  the  Japan  Archipel* 
ago.    And  the  Japan  Heteorological  Agency  is  responsible  for  penuuient  monitoring  of  large* 

moderate,  and  small  earthquakes  (M  >^  3)  which  occur  in  this  area.     It  is  estimated  that  the 
nuiT'iicr  of  these  earthquakes  is  approximately  10,000  per  yeeur.    Moreover,  it  is  also  estimated 
that  the  number  of  micro-  and  ultra  micro-earthquakes  (M  <  3)  in  this  area  is  more  than 
10,000,000  per  year.     The  observation  of  these  earthquakes  is  significant  for  realizing 
earthqiiake  prediction,  though  they  have  no  direct  influence  on  our  daily  life. 

Most  <jf  tneae  numerous  earthquakes  have  their  hypocentors  under  the  sea  bottom  near  the 
J^pan  Archipelago.    Renarkably,  all  the  recorded  great  earthquakes  with  a  magnitude  of 
N  >  8f  whldi  caused  huge  damages,  ooanrred  in  the  s«s  tottcii  off  the  Fsolfle  coast  hstwan  ths 
ooastllao  sad  the  Japan  TMneb,  NMikal  Tkongh  and  so  en*  irith  the  slngls  sxoeptloii  of  the  Mehl 
Bsrthgpuihs  in  1891. 

Nhll  ths  Japan  Itetsoroleglcal  Agency  is  slsvys  carrying  out  pscnsnont  Cbssrvstlons  st 
130  locatlcns  cr  mra  togotiior  with  a  nuslbor  of  university  liboratcries  conducting  their 
local  observationSf  the  conoemed  seisaographs  sm  all  land  hasod  ones  and  not  a  single 
pisoa  of  penunient  ehosrvation  equipNnt  is  located  at  the  ssa  bottoai. 

Oonsaqusotly  it  has  not  bean  datentined  sxactly  how  anny  and  in  uttnUk  areas  ainor  earths 
qnakas  oeettr  in  the  sea  hottoa.   Noraover,  av«n  for  najor  eartbqvaka  ooeurrencas*  oencreta  and 
precise  data  on  tiia  location  of  tha  ^icanter*  the  depth  of  the  Iqppooantar  and  the  aagnitiiida 
have  not  been  availiMLa* 

This  means  a  lack  of  monitoriag  davicOS  for  saianio  activities  in  the  sea  bottom, 
producing  eerious  obstacles  in  processing  tsunami  %famings  and  earthquake  informations, 
as  well  as  realizing  earthquake  predictioo  and  forecast.    Hm  ■onitoring  devices  are  India- 
pensable  for  disaster  prevention. 

Under  such  circumstances,  the  Japan  Meteorological  Agency  is  going  to  implement  a  pro- 
gram for  the  Immediate  application  of  land  observation  data  combined  with  permanent  sea 
bottom  observation  data  which  are  obtained  by  seismographs  connected  in  series  at  the  sea 
bottom    down  to  thousands  of  meters^  the  deepest  part,  under  the  sea  level,  off  Sanriku 
District,  Sagami  Bay  to  the  Boso  Peninsula,  Tokai  District,  and  Shikoku,  all  of  which  are 
tiM  locatlcas  with  fraquant  earthquake  oocurrsnces. 

The  davaloisMat  of  tha  on-line  and  real-tlae  systen  of  pa«wnent  oeasn-bottaa 
saisBogrsph  observation  off  tha  Pacific  coast  of  central  Honshu*  Jepan*  is  prsaently 
being  luplamented  by  tha  Hetaocolegical  Bsasardi  xnatitnta  aa  one  of  tha  injor  itens 
included  in  tha  3rd  riva^Tear  plan  of  tha  national  Progran  of  Earthquake  prediction 
liasaarch  la  Japan  a974-1978).   lha  systen  is  transfarrad  to  routine  cbsanration  by  tha 
Japan  Netaorologlcal  Agency  after  coe|ilatiott  of  tb0  Plan. 

Vha  sea  area*  off  tha  Pacific  coast  of  central  Nrashn*  was  saleeted  because  it  was 
around  this  area  where  great  aartlkgnakas  of  tha  MB. 5  claaa  occurred  at  laaat  four  tines 
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in  history  with  intervals  of  145  to  402  years.     123  years  have  already  passed  since  the 
last  occurrence  of  such  a  great  earthquake  and  there  is  a  scisniicity  9ap(  as  shown  in 
Plgtire  1,  even  when  small  eiurtliqpiakes  are  taken  into  consideration.    Such  being  the  case, 
tlM  OoMdliwting  conaittM  for  BarthqiMte  VxaOlctlaii  of  Japan  also  ^oolfleally  dMignatad 
VeUmi  District  of  oantral  Bonalm*  as  an  "Araa  of  Zntansifiad  Obaarvations." 

Studying  tha  data  fz«»  a  larga  aarthqmka  that  ooeurrad  In  18S4>  tha  last  oasa  ofaaervad 
In  tha  past  in  this  araa,  it  is  «oll  antic^tad  that*  if  such  a  larga-scala  aartJiqvwlca  takes 
plaea  again,  not  only  Mcai  District  will  suffar  vary  sarioua  davagas  but  also  Wkyot 
XanaaaMa,  KobOr  ate.  will  be  aubjaoted  to  daaagaa  as  wall. 

Altliough  tha  axistanca  of  a  salsmiclty  giip  doas  not  In  itself  reflect  tha  inninent  sign 
of  a  large  soale  earthqiaefcSf  we  cannot  deny  the  existsnoe  of  the  onlnous  silence  usually 
Observed  before  a  steni.    in  tMs  reaopect,  further  change  in  seisadc  activity  within  this 
sea  axes  reg^ixes  a  special  attention. 

Furthetnoxe,  a  large  budget  is  required  for  the  development  of  this  systen,  and  even 
with  su^  a  budget  and  the  most  up-to-date  sophisticated  technology,  there  still  remains 
various  risks.    Fortunately,  the  depth  of  the  water  in, this  area  is  not  so  deep  as  the  other 
three  areas. 

The  authors  together  with  Hideteru  Matsumoto,  senior  researcher,  and  other  staff 
meiribers ,  Yasuo  Nagayama,  Akio  Takayanagi,  Michio  Takahashi  and  Toshimitsu  Tsukakoshi,  have 
been  jnaXing  every  effort  to  carry  out  the  research  amd  development  of  this  system  at  the 
Research  Division.    However,  research  and  development  activities  are  not  being  carried  out 
solely  by  the  Meteorological  Agency.    Nippon  Telegreph  and  Telephone  Public  Corporation,  the 
Faculty  of  Scienee  and  the  Earthquake  asseacdt  institute  of  Tokyo  university,  and  ths 
Hydrography  Departawnt  of  tha  Naritlae  Safety  Agency  have  extended  special  oocperatlon. 
As  to  ths  production  of  equipssnt  the  ttLppon  Bleetrlc  conpany,  Ltd. ,  and  related  oosvanies 
have  been  engaged  in  this  project. 

CONSTITUTION  CT  A  SQBHAJtlNE  SYSTBI 

The  ofaaMvation  of  ooeanobottoat  earttiqpiakes  using  tt»  suhnarine  ceble  systen  has  only 
been  attespted  once  in  the  peat  by  the  O.S.A.,  and  title  systsK  was  less  oospUoated  than 
that  idiiah  ia  now  being  developed  fay  the  authors,  at  al.    In  1965,  tha  Unont-Doherty 
Geologioal  Observatory  of  Ooliabla  Oniversity  installed  a  cable  in  the  Pacific  Ocean 
approxlnataly  IBOkia  (100  nautical  ■ilea)  off  Point  Ax«na,  California,  to  a  depth  of  nearly 
4,000b  and  aquipunt  sucdi  as  saisnogreBha  were  attached  only  at  the  tip  of  the  oeble. 

Staff  aeolwrs  including  the  authors  were  successively  diiqpatehed  to  the  above  observa- 
tory in  order  to  acquire  knowledge  of  their  valuable  techniques  and  experiences. 

However,  the  Lamont -Doherty  Geological  Observatory  was  forced  to  give  up  their  research 
after  only  several  years  of  study  mainly  due  to  frequent  trouble,  which  resulted  from 
wire  breaks  in  the  cable  and  slight  water  leakage  in  the  pressure  vessel,  caused  by  geograph- 
ical and  geological  features. 

The  series  type  system  now  boing  developed  by  the  Meteorological  Research  Institute 
of  the  JMA  is  more  intricate,  therefore,  precise  studies  on  the  geographical  and  geological 
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f aataTM  of  tbm  sm  botton  ara  raqoizad  in  ordar  to  Mlsot  tha  teat  xouta  for  tha  cabla 
laying.   Tha  laying  worfc  mmt  ba  oazxiad  out  witii  axtxa  caution  baoanaa  nodifieationa  aftar 
tlia  coaplation  and  n^laeaMnt  of  broten  oowponamtB  aza  alnoat  ij^poasibla  with  thia  kind  of 
ayatan. 

The  ayatan  is  oowgoaad  of  a  aabmartna  •ysten  nhidi  is  installad  at  a  daipth  of  naarly 
SfOOOn  in  tba  aaa  appKoadnataly  ona  hundrad  and  tManty  kiloaietars  off  tba  ooast  of 
Onaasaki,  lokai  Diatriet,  and  a  land  ayatan.   Tha  aiibnazina  ^rstaa  oonsista  of  ona  tandjial 
apparatus  and  saiwal  intannadiata  aiparatus  of  high  raliability*  i*«*  #  prasauora  wesaala 
containing  aaianograph  and  taonani'^atar  aansors#  and  aignal  transnittors,  Mhieih  ara  oonnaetad 
in  aariaa  by  tiia  oo-axial  sutaarina  eabla.    Tha  land  ^ataii  OGnaista  of  tba  xaeaiving  and 
rapaatlng  ^pparataa  in  tha  afaoea  atatioa  (Onaaaaki  Waathttf  Station) ,  and  of  tha  xaeaiving 
and  data  processing  apparatus  at  the  Barthqiiafca  and  TSUMmi  Center  (Japan  Meteorologioal 
Agency  in  Tokyo) . 

Figure  2  indicates  the  above  mentioned  system.    The  submarine  transmitting  system  is  an 
application  of  the  transmitting  techniques  of  the  ocean-bottom  co-axial  cable  used  for  the 
most  recently  developed  long-range  submarine  telephone  and  telegram  lines.     In  other  words, 
of  the  two  types  of  real-time  and  on-line  transmitting  systems,  one  is  multi-cable  systems  in 
which  components  are  divided  into  several  channels  and  electric  power  is  transmitted  through 
a  different  channel,  and  the  other  is  the  co-axial  cable  systan  in  which  atll  components 
are  combined  in  one  channel  through  which  electric  power  is  also  transmitted.  The  co-axxal 
cable  system  has  been  enyployed  for  our  observation  system.    All  coaiponents  of  the  Observa- 
tion equipment  installad  at  tha  tip  of  ths  cabls  and  at  intarwediata  points  ttansnit  signals 
using  tha  ooaan-bottoB  co-axial  cable  by  way  of  an  ffM-FDH  ayataa.   An  electric  current 
ia  fad  br  way  of  a  oonatant  current  feeding  systsM  in  iihich  electric  currsnts  run  throui^  ths 
eantar  oooduetor  of  tha  eo-axial  cable »  and  are  raleaaad  into  the  aaa  watmr  froai  tiM  taininal 
e^nifaient  attached  to  the  ocean-bottoai  earth  and  thett  sent  hadt  tb  the  coastal  station 
throng  shore  earth. 

wa  have  davalopad  large  siie  prassuxe-resistanoe  oontalnars  for  tha  tamlnal  equipwmt 
(inner  dianeter  300iii  inner  length  BIOik)  ,  as  a  large  variety  of  sanaorsnseds  to  ha  iaoor- 
p^atad.    HoHever,  tha  largeat  of  tha  praaaure-raaiataat  containers  (inner  dianatar  204iii 
inner  lengtti  700dr}  currently  being  uaed  for  ooaan^iottan  relaying  aqvipiaant  will  be 
enployed  for  intermediate  apparatus.    This  Will  enable  Olible  ships  available  in  Japan  to 
carry  out  the  laying  vK>rk.    The  prassure  veaaela  are  inocnporated  with  3  directional 
short-period  (seismograph)  sensors  on  gimbals  (natural  frequency  4.55Iz),  an  equalizing 
amplifier,   signal  transmitter,   etc.     The  terminal  equipment  will  also  be  equipped  with  a 
atedium- period  seismograph  and  pingcr  which  is  used  for  measuring  the  actual  laying  position  of 
the  equipment  at  the  ocean-bottom. 

A  tsunami-meter  is  installed  in  order  to  contribute  directly  to  the  improvement  of 
tsunand  warning  activities  irtiich  are  essential  for  the  prevention  of  natural  disasters. 
Sensors  will  be  installed  at  ths  sea  botton  to  asasvre  tht  dianga  in  hydraulie  prossura 
and  tharsby  detect  taunami.   A  quarts  praasure  tzanadocar  of  tha  aensor  which  ia  ussd  for 
this  systsB  (Muiufaeturad  by  tha  Rawlatt^Paokaxd  oo.»  tha  U.S.A.)  rseoids  cdiangos  ia 
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frequency  when  there  is  a  pressure  change.    This  tsunami-meter  sensor  is  covered  with  oil 
filled  rubber  to  insulate  it  from  brine. 

The  advantage  of  using  this  tsunami-meter  has  been  confirmed  through  evaluation  of  its 
characteristics  in  a  pressure  chanber,  themostatic  cheunber,  etc.,  jmd  also  by  continuous 
test  obMcvaticms  in  th«  sm  fox  fiwm  vottttm  at  the  aariiM  obMrvatozy  tofwr  of  ths 
Meteoxologieal  BaaearcAi  Ziuttltttte  off  tte  Goa«t  of  Ito  City*  Shlsuoika  Prefeotura.  Although 
this  tsuiUMi-wter  is  «  total  pressvnn  type  tdiidh  detects  the  overall  pressure  f ran  the  sea 
surface  to  the  bottooi,  its  resolvAbility  is  aippcoKiaately  I  cm  even  at  a  Mpth  of  3,000mt 
and  has  the  oosiprdisnsive  characteristic  of  being  able  to  release  sufficiently  strong  signals, 
ooqpared  to  other  surrounding  noise,  when  a  lOon  change  in  terns  of  mates  dqptii  oeeurs. 
Puxthemoret  observation  errors  of  a  lOn  high  tsunani  are  lOon  or  less. 

The  pxerequisites  for  tliA  aipparatus  to  he  used  for  this  stifasiarine  systaa,  both  sensors 
and  trminitters,  are  that  they  be  highly  efficient,  reliable,  and  safe,  and  in  addition, 

RESEARCH  AND  DEVEIiOPMENT  PROGRESS 

The  researelh  and  developnant  of  this  pexBsnant  observation  systan  for  sutaaiarine  seisnie 
observation  have  been  making  steady  progress  in  accordance  with  the  annual  progran  as  shown 
in  Table  1.    In  1974,  the  initial  year  of  the  pcograa,  the  systea  design  of  the  total  ^sten 
including  the  land  part  was  conducted,  and  as  an  integral  part  of  this,  various  tests  using 
a  breadboard  model  were  also  c<u:ried  out.    Uien,  hardware  was  developed  on  the  basis  oi  the 
system  design,  and  various  tests  have  bean  conducted  on  the  ctaaraeteristics  of  these 
developed  prnHvicts  and  evaluat  ^ . 

No  damage  should  be  incurred  on  any  of  the  submarine  system  equipment  while  loading  it 
on  the  cable  ship  or  during  the  construction  work.     A  route  which  meets  the  geographical 
ai^  geological  requirements  must  be  carefully  detennined  prior  to  the  construction  work. 
Geographical  and  geological  conditions  must  have  little  possibility  of  sea-botton  land- 
slides snd  wire  brealw,  and  a  smU  gradient,  and  also  they  most  be  as  flat  as  possible  to 
avoid  a  cable  bridge*    Zt  is  esepeially  Important  that  the  intemediate  ^paratus  are  not 
left  hanging  in  the  water  as  a  result  of  the  geogrsphioal  and  geological  features  of  the 
sea-bottcM*   Also,  one  and  of  the  cable  of  this  subnarine  systan  is  placed  a  few  thousand 
asters  at  the  deep  aaar-hotton,  whereas  in  the  ease  of  a  stifanarine  cable  for  telephone 
and  telegran,  both  ends  are  at  the  two  coastal  stations. 

Ibe  above-ONatiooed  points  naks  it  necessary  to  first  conduct  elaborate  studies  on  the 
geograifcioal  and  geological  features  of  the  sea  area  to  be  used.   Since  the  work  also  involves 
construction  of  heawy  texninal  egnipnmt  (the  weight  in  water  is  appKOxivately  1  ton  includ- 
ing the  cage) ,  special  netiiods  will  have  to  be  employed  in  order  to  accoiiQ>lish  the  work 
successfully,  and  trial  layings  of  the  terminal  equipment  are  indispensable. 

In  view  of  the  above-mentioned  conditions,  a  bathymctric  chart  and  a  submarine 
structural  chart  of  the  sea  bottom  to  be  used,  which  are  the  results  of  a  detailed  survey 
conducted  in  1974  fay  the  Hydrography  Department  of  the  Maritime  Safety  Agency,  were  made 
available  by  the  sasie  Depjurtnent  to  the  Heteorological  Research  institute;  and  four  proposed 
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zoutMs  for  mdgnarin*  oaU«  Installation  nmra  datmdiMA  on  tto  tasia  of  aoelk  «iiarta  and 
tiia  batloaMtrle  saoerd  of  tba  aaaa  aurv^r*  and  alao  far  taking  into  oeaaidaratioa  tte 
opinlona  of  tho  ausparta  in  tlia  ^rdtogtaiplv  Dapartnant  and  tlia  MicpoR  falagragh  and  Vala- 
pbona  Public  ooxpocatlon. 

Furthanoca,  in  UTS  and  1976,  tba  MataoKologleal  naaaaroh  ]taatituta  ooanlaaionad  tbm 
csorporatlon  to  carry  out  reaaartih  on  gaograpbleal  and  gaological  faatnraa  conoaxnlng  aaa- 
bottom  of  tha  propoaad  roataBf  and  had  a  pcivata  land  aurvar  oiavany  parfOxv  aurvaya  of 
tha  aaa  bottoai  along  tha  oeaatal  asaa  •oath  of  tha  owaaaaki  waatiiac  Station.   Tha  Ooxp(»ation 
van  alao  ooaaiasionad  to  iaiplanant  trial  oparationa  aining  at  aatabliahing  a  laying  ayatan 
of  tha  aaa  botton  twinal  agnisannt. 

The  Ooxpcoatickn  oarriad  out  botton  aBopling  and  aounding  along  all  tha  pcppoaad 
routaa  on  board  tha  Xuroahio-Maru  (3,344.9  tons) ,  tiia  nawaat  oaUa  ship,  enploying  a 
nulti-bean  bathymeter  (whicsh  ia  oapabla  of  simultaneous  sounding  and  Inclination  measuranent 
in  a  transverse  direction  to  the  oouraa) ,  the  NNSS  (U.S.  Mavy  Navigation  Satallite  System), 
and  a  computerized  automatic  control  system.    As  a  result,  among  the  four  proposed  routaa 
which  run  from  NNE  to  SSW  along  the  zone  between  the  Suruga  Trough  to  the  Nankai  Trough 
and  the  submarine  canyon  off  the  Tenryu  River,  the  central  route  was  determined  to  meet 
the  necessary  geographical  and  geological  conditions,  while  others  did  not. 

The  Corporation,   in  1976,  carried  out  a  trial  laying  and  refloating  of  the  terminal 
and  intermediate  equipment  by  use  of  a  dumny  system  on  board  the  Kuroshio-Maru.  The 
laying  of  the  aaa-bottom  system  is  plaaaad  to  Start  from  tte  tarmlnal.   iha  terminal  will 
IM  louarad  to  tha  aaa-bettem  from  tlia  botr  of  tiM  oabla  ship,  and  tbm  tbm  laying  of  tha 
intarmadiata  equipnnt  will  take  plana  from  tha  stam  by  oparationa  in  tha  ahip.  Vha 
lowuring  of  tha  tatninal  will  ba  parformad  by  adopting  tha  ao-eallad  aingla  wirahanging 
pEOcaaa  which  tiaa  tha  heavy  terminal  agaiPMnt  and  tlia  ocaaa-bottom  aartii  with  1,000m 
long  cable  <  an^tox.  50Qn  In  tha  trial)  to  tha  aignal  trananitting  co-axial  cable,  aewavar, 
ainca  the  conventional  type  non-armorad  oo-axial  oabla  haa  a  7-ton  tanaila  atreagtii  and 
therefore  preamted  large  riaka,  a  high  tens  ion  non-armored  co-axial  cable  <lS-ton  tanaila 
atrangth)  was  newly  davalopad  and  used.    Thia  new  cable  endured  wall  at  the  wavlmii  tanaila 
atrength,  i.e.,  9  tone,  at  tiia  time  of  refloating. 

Xn  thia  co-axial  cable  of  the  sea  bottom  qratam,  a  aaetien  of  approximately  4IMat 
which  was  to  ba  laid  in  tha  Shallow  aea-bottom  Cdoan  to  appKoxlnately  SOOn)  adppta  a 
aingle  or  double  armored  co-axial  cable  in  order  to  avoid  any  tnyobla  in  relation  to  the 
Operation  of  dragnet  fishing.    In  the  very  shallow  sea-bottom  (down  to  50m)  along  the  sea 
ehore,  various  kinds  of  trovible  tend  to  occnr  due  to  wave  action  and  tidal  currents.  There- 
fore, the  double  armored  co-axial  ceUsle  guarded  by  a  steel  protector  is  adopted  and  further- 
more, the  cable  is  buried  in  the  sea-bottom  mud.    The  sole  manufacturer  of  the  subnaurixte 
co-axial  cable  in  Japan  is  the  Ocean  Ceible  Company. 

The  re8e2u:ch  and  developonent  project  of  this  permanent  sea-bottom  earthquake  observa- 
tion systen  has  been  steadily  progressing  with  the  sv^port  of  the  earnest  people  concerxied* 
Mhile  numerous  difficulties  have  been  encountered  and  overoome,  there  atill  maina  a  lot  of 
problsme  to  be  analysed  and  eolved  in  the  condng  day*,    the  practical  laying  of  the  submarine 
ayatam  ia  planned  to  be  taplenented  in  susmar  nt  fall  of  1978,  and  preparatlona  are  now  being 
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Figure  i;  Distribution  of  E|»l««nt«rs  of  Shallow  Earthquake 
the  Tokai  District  (1926-72)  and  the  PttrniMieiit 
Ocean-Bottom  Sei.mograph  Obeerration  Syetem 
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Figure  4.  Seismomater  Sensor 
Lead 


-  852  j 

Figure  5- 1 .     T«un«mi-meter  Sensor 


QPT:  Quartz  Preasure  traeducer 
T  C  .•  Thermal  compensator 

Figure  5-2.      Tsunami-meter  Blocic  Diagram 
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Figure  6.     Short-Period  Seismometer  Sensor 


Figure  7.    Transmitter  of  the  Terminal  Apparatus 
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Overall  Test  of  a  Breadboard  Model  of  the  Submarine  System 


Trial  Layings  of  the  Terminal  Apparatus 
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VERTICAL  DISTRIBUTION  OP  THE  SEISMIC 
S-HAVE  VELOCITIES  AT  THE  SITE  OF  THE  IWATSUKI  DEEP 
BORBHOLB  OBSERVATORY  OF  CRUSTAL  ACTIVITIES 
Fodo  Ywnlsu  and  HiroAi  muibaMhL 
national  llaaaaxch  Cantar  for  niaaatag  Vravantion 
NoKltoabl  Ootoh,  Yutaka  Ohte  and  iteiji  Slilotto 
WoWtaldo  University 

ABSTRACT 

From  the  earthquake  engineering  point  of  view,  in-situ  velocity  measurement  of  the 
seismic  S-wave  was  carried  out  down  to  a  depth  of  3500  meters  at  the  site  of  the  Iwatsuki 
Deep  Borehole  Observatory  constructed  by  the  National  Research  Center  for  Disaster  Pre- 
vention. 

S-waves  were  produced  mainly  by  ordinary  small  chemical  explosions  in  a  shallow  bore- 
hole and  suppiementariiy  by  an  SH-wave  generator  (an  S  gun)  £irmiy  pressed  on  the  ground 
surface.   A  set  of  thraa-cooponant  aalanaiiatara  of  noving-ooil  type  with  natural  frequency 
of  4*5  Hs  «aa  inatallad  in  a  caipaula  which  ooold  ba  fixed  at  any  depth  la  tha  borahela. 
R^aatad  Baaauraannta  vara  nada  at  16  diffarant  daptha  ftem  the  aoriaea  to  ^  tettoa. 
Ihfl  S-«Bva  by  the  S  gun  «aa  daarly  taoocdad  down  to  tha  dtjpth  of  1500  n.    Idantif  ication 
of  tha  Si-wava  onaat  on  tha  raoocd  of  tfaa  ai^loaion  naa  unaiqpaotadly  aaay,  avan  fbr  dg^tha 
daagpar  than  1500  n*  haaanaa  vary  good  phaaa  oorra^poiidanoa  faatwaan  tha  8  |ihaaa  fron  tha  S 
gun  and  tha  8  phaaa  frcn  tSia  a^loalon  raa  obtainad.    l9iarafora«  tha  raading  of  tha  8-«ava 
onaat  wan  nost  sallabla* 

Tha  aatlnatad  S-«ava  valoolty  atmatura  ma  0*44r  0.76,  1.3,  1.6  and  2.6  kp/oae  with 
tha  boundary  depths  of  300,  1000,  2000  and  2800  m,  raapactlvaly,  fx«m  tha  surface  to  the 
bottom  of  the  borehole,    tttm  boundary  at  2000-m  depth  vmm  uncertain  ualiJca  the  other  three 
boundaries.    This  boundary  may  not  exist,  or  the  velocity  may  change  gradually  with  depth. 

The  P-»«ive  velocity  structure  was  estimated  at  the  same  time,  and  the  velocity  values 
were  1.8,  2.1,  2.9  and  4.7  km/sec  with  the  boundaries  very  close  to  those  of  S-wave 
velocity.    But  the  2000-m  depth  boundary  was  not  found. 

wXtnOBDSt    Deap  boreholaf  aarthqioalEa,  in-aitu  valoei^  awaauraaantr  S-wavaj  vartleal  dla- 
tributloD  of  aaiando  wvva. 
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With  tbm  ncant  Jaccmm  of  lugs  sIm  ■txnotuxaSf  It  ham  hioo—  rasantial  that  the 
twqpoaso  dMraetwistics  rvlAtad  to  tho  oid^aurfaoe  atnieturo  at  depth*  probably  several 

kiloiaeterg  deep,  should  be  evaluatady  in  other  wocdft,  the  existence  of  a  thick  sadlnentary 
layer  is  Indispensable  for  the  earthviake  reetetanoe  of  high  axuA/or  long  atruotoree  (Seia. 
B^pl.  Group  of  Japan,   197G) . 

As  a  first  step  to  understand  the  response  characteristics  of  a  thick,  deep  sedi- 
mentary layer,   the  velocity  of  S-waves  was  directly  measured  in-situ  down  to  the  depth  of 
3500  meters,  at  the  iwatsuki  Deep  Borehole  Observatory  of  Crustal  Activities  'Constructed 
by  the  National  Research  Center  for  Disaster  Prevention.    Since  there  has  been  no  direct 
S-wave  measurement  made  for  the  depths  over  several  hundred  aeters,  the  present  measurement 
over  3500  m  depth  was  the  first  trial  in  Japan,  probably  even  in  the  world.    Firstly,  the 
detection  and  identification  of  S-waves  are  emphasized  cuid  then  the  general  trend  of  their 
velocities  is  properly  evaluated. 

To  produce  s-«av«a,  we  need  eaall  ehenloal  «iqp^lo«i«n«  in  a  thallow  bosahola  and  «• 
alao  uead  a  epeclally  daalgned  SH-wave  genaratort  oallad  en  S  gun.    Tbm  SH-tfvva  predonl- 
nently  generated  by  tlia  S  g«m  <aolly  1956*  KMMki  1959t  Shtna  and  Ohta  1967)  mm  recorded 
claerly  down  to  the  dcipth  of  1500  a.    Through  the  ooovarlaon  of  raoorde  from  tha  as^loslon 
and  the  S  gun,  it  waa  poaaibia  to  axtraot  S-nava  duurecteriaties  oontainad  In  tha  record 
from  tha  a^ploeien*    Therefore/  the  ft^wave  idmtifioation  at  de^th  by  einpla  detonattene 
has  baoove  uneovectedly  eaey  and  the  reading  of  tha  S-«ave  onaat  ie  reliable. 

OBSERVATION 

The  iwataoki  Da^  Borehole  abaervatory  of  Cruetal  tetivitiae  fronta  on  tha  Hoto- 
Arakam  Rivar,  Iwatsuki-eity,  9aitena-ken,  Jepen.    Four  ahot  holaa  were  drilled  on  thia 
riverbed  ebout  100  aieters  southeaet  fron  the  obearvation  wall,  end  tha  S  gun  waa  fixnly 
praeaed  on  tiia  aorfaea  of  the  aene  bed  about  SO  ■  aeat  froa  tha  wall. 

A  sat  of  inetrannts  waa  well  designed  with  the  purpMO  of  efficient  taek  of  the 
observation  and  easy  operation  not  to  Bias  recordings.   The  Uodc  diagran  of  the  obe«nra- 
tion  syaten  is  Shown  in  Fig.  2.    The  appoxent  dgnmLa  range  of  this  raoording  vrmtm.  is 
over  70  db,  including  the  effect  of  the  analog  voltage  divider.    All  seismoineters  used 
were  of  the  moving-coil  type,  with  natural  frequency  of  4.5  Ms  for  the  underground  use, 
cmd  1.0  Hz  for  the  surface  use.    A  set  of  seismometers  on  the  svirface  was  also  operated  in 
order  to  determine  the  attenuation  of  S-wave  energy  1^  oosftaring  the  records  at  varying 
depths  and  at  the  surface. 

The  measurement  was  sequentially  carried  out  at  the  following  15  depths,  100,  200, 
300,  500,  750,  1000,  1500,  2000,  2500,  3000,  3482,  3249,  2745.3,  2245,  1750  and  1250 
■teters. 


ni-45 


Digrtized  by  Google 


Vbm  analysis  pKoeeaded  along  a  line  In  lihiaih  tha  priority  was  givan  to  dataetlon  and 
idantlfioatioD  of  S-i«avss#  and  than  tha  ganaral  txand  of  S-wava  valocitiAS  vara  avaluated. 
this  «m8  alao  invrltably  raqoirad  baoausa  tbn  intarval  batMsan  daiptfaa  of  naaausamant  ms 
ratber  conghf  noaaly  100  or  250  a. 

In  the  detemiMtioD  of  the  S-wav«  valoclty  structure  on  tlie  basis  of  the  obtalnad 
travel-time  diagram,  any  other  data  concerning  the  observation  well  (for  exonqple,  the 
sonic,  the  density  logging)  were  not  taken  into  account.    All  efforts  were  concentrated  on 
determining  the  objective  S-wave  structure  from  the  travel-time  only.    After  that,  all  tha 
data  were  coiqpared  with  each  other,  and  the  harmony  between  them  was  examined. 


Along  the  lin«  Btatsd  abevs/  at  first,  the  raooxd  from  the  S  gun  %dkldi  predondnamtly 
produced  the  SH-wave  was  processed   (Fig.   3).     Traces  sliown  in  Fig.   3  were  resynthesizad  by 
the  analog  signal  converter  shown  in  Fig.  4.     Since  the  horizontal  direction  of  the 
geismometers  in  the  borehole  was  not  known,  this  converter  was  used,  so  that  the  expected 
SH-wave  could  be  emphasized.     The  result  was  very  clear  especially  for  the  trace  of  ISOQm 
depth.     This  converter  was  also  applied  to  records  of  the  explosion,  but  the  result  was 
not  improved.    Probably,  the  reason  was  that  the  explosion  produced  both  SH-  and  sv-waves. 
Aooordingly,  the  S/N  ratio  was  ijqproved  prinarlly  by  various  digital  filtering.  Filtered 
tHMMW  «T<a  lAontti  in  Fig.  5. 

Ooaparing  Fig.  3  with  Fig.  5,  ralativaly  long^-pariod  wava  groups  ara  elaarly  raeogniaad 
on  the  record  of  the  explosion  at  the  tine  of  appaaranoa  of  the  SH-^wave  on  the  Moord  of  S 
gun.    iha  reoords  in  Fig.  5  were  aads  by  various  filtaringst  so  that  this  ralativaly  long- 
pariod  wave  gioiip  ooold  be  OTvhaslsadf  because  tiissa  wave  gxovps  are  taken  as  S-waves. 
The  solid  circle  ia  tbm  figure  shows  Um  s-wav«  ansat.   Only  the  onset  at  3250  ■  is  less 
objective. 

next*  the  trace  of  the  vertioal  sei^iMMteir  is  drown  vp  (Fig.  6)  so  as  to  detecaine 
the  P->wave  velocity  structure.    There  are  almost  three  %Nive  groups:    the  first  wave  group 
is  the  precursor  with  small  aa^lltudes,  appearing  at  the  depths  as  deep  as  2500  m,  the 
second  is  the  true  P-wave  group,  and  the  third  group  following  the  P  waves  has  large 
anplitudes.     Judging  from  a  rough  estimation  of  their  velocities,  they  correspond  to  the 
dilatational  wave  propagating  through  the  cemented  zone  around  the  observation  well 
protected  by  the  wall  and  through  the  water  filled  in  the  well.    Especially,  from  the  fact 
that  in  the  large-amplitude  wave  group  those  reflected  by  the  well  bottom  are  recognized, 
it  is  obvious  that  the  third  wave  groMp  has  propagated  in  tha  wall  wat«r. 


The  onsets  of  S  and  P  waves  were  read  with  the  precision  of  1/100  sec.  After  that, 
the  travel-time  was  corrected,  as  if  the  source  were  just  above  the  well  at  the  surface. 
In  the  correction,  detailed  velocities  of  s  and  F  waves  near  the  surface  ware  used  and 
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tiwM  wm  tiM  nsults  of  thm      8  valooity  loggings  am  daep  w  tlw  diptii  of  120  aatarSf 
Dtaiflh  waxtt  oarriAd  out  at  «b  «r«a  elOM  to  th*  obaorvatoty* 

In  PI9.  7t  tho  oonreetod  traval-tlwMi  wtn  plotted  and  atralght  lines  ware  draim 
titfough  the  plota.  All  tba  points  moapt  one  or  two  are  on  the  linetf  and  fiirtii8rw»ef 
even  those  esoetptloaal  peinta  are  aiMqr  ^kob  the  linea  hy  only  3/100  aec.  Thecefoce, 
stra&gbt  Unas  sawsd  to  be  vary  reasonable* 

FrGH  this  travel-tlBS  diaigraB»  we  can  direotly  detemine  the  velofd,^  atmcturea  of  8 
and  P  Mavea.    It  la  suoBarised  in  Pig.  8  togathar  with  the  struotore  near  tihe  surfaoa. 
The  8-«ave  valooity  stmetnra  ooosists  e£  four  layers*  and  the  velocity  stmotiira  eoneiata 
of  three  layera  to  the  de^p  baaMantr  exeapting  the  vicinity  of  the  snrfaoe*   She  hoandariea 
at  the  depth  of  300,  1000  and  2800  at  eoinoide  wittk  eacdi  other  in  bo^  the  S-  and  P-imve 
Structurds.    The  only  discrepancy  occurs  in  the  boundary  at  2000  m*    Since  the  ratio  of  8 
velocity  at  this  boundary  is  1.3/1.6-0.8,  it  is  not  significant.    On  the  other  hand,  the 
travel-time  of  that  interval  seeras  to  be  increasing  gradually  with  increase  in  the  depth, 
and  so  it  is  also  possible  that  the  two  layers  are  taken  as  one  mirage  layer.  taODrdlnglyj 

both  the  structures  of  8  and  P  waves  are  in  good  agreeiBent  with  each  other. 

OOMMRISOM  WISH  OSflBR  Dklk 

Other  data  concerning  the  Iwatsuki  Deep  Borehole,  that  ia,  the  aonio  wave  (P  wave), 
the  density  and  the  electrical  loggings  and  the  geologic  columnar  section,  etc.  had  been 
examined  {Takahashi  and  Hamada,  1975).    The  sonic  logging  was  basically  a  continuous 
measurement.    Although  the  variation  of  velocity  was  very  complex  and  scattering,  the 
general  tendency  of  the  sonic  logging  and  the  absolute  values  are  in  good  agreement  with 
the  present  estimated  structure.     Two  discontinuities  at  depths  of  1000  and  2800  m  are 
clearly  seen  in  the  sonic  logging,  sund  also  obvious  in  the  columnar  section,  corresponding 
to  the  boundary  of  Pleistocene-Miocene  and  Miocene-Pretertiary ,  respectively.     In  the 
sonic  logging,  velocities  are  almost  constant  or  slightly  increasing  between  1000  and 
2800  ■  deptha  emqpt  wamU  eoattMringa  near  a  depth  of  1200  b.    They  also  agree  with  the 
results  shown  in  Fig.  8.   Such  gsneral  tendency  is  also  sfaosn  in  the  duisity  and  electrical 
loggings. 

tecordingly«  the  rasoltant  S-  and  P-wave  velocity  stmoture  are  reascnabla  and  in 
haraony  with  all  the  other  data  of  ttm  obaervation  «ell. 

CONCMSION 

NeesumHita  of  velooltiea  of  s  and  P  waves  were  carried  out  down  to  a  depth  of  SSOOn 
at  the  Xwatauki  Oeep  Bordtele  Qbaervatery.   The  results  are  aiasiarised  in  Fig.  8.  And 
th^r  nre  in  good  hanaony  with  all  otiier  data  of  obssrvetion  wall.   Bneept  at  the  ground 
surface,  the  8-WKve  veleci^  etructure  conelsts  of  fbur  layers,  and  Vbm  velocity  structure 
of  P  wave  three  layera.    If  we  regard  the  Intemsdlate  dsptli  layers  as  a  Mirage  layer,  tbm 

The  8  gun  pl^s  an  ii^portant  role  for  detection  of  an  6  wave  contained  in  the  siiiple 
detonation^  and  so  the  reading  of  8-wve  onset  has  beoens  nore  reliable  and  aoeimta* 
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This  is  one  of  th«  good  harvests  of  the  present  measurement,  and  also  suggests  a  technical 
method  of  the  deep  S  wave  in- situ  velocity  measurement  for  the  future  research. 

Itt  oonoluslon,  the  eiqper invent  was  carried  out  under  the  cooparatlon  of  fiva  groups, 
HKW^  Roktaiido  Oniv.,  Teikoku  Oil  Co.,  AkMhi  selMkuabo  oo.  and  Allaxound  Oonaultant  of 
Geological  Suxvi^  Oo.    Ne  vant  to  mKpnma  ouz  gratituSe  to  tha  Bcluitlst  and  taolmiciaiia 
wte  partlcipatad  In  this  «9ariamt«  aspaeially  to  Mr.  suaukl  at  krcdp  iAo  partly  conducted 
the  eivwinent.    Alao  we  %iDuld  like  to  expreaa  our  alncere  thanka  to  Dr.  Baniada  who  vaa  a 
mm^mr  of  tha  planning  toaai  at  tha  early  ataga  of  thia  aaparlatent  and  kindly  read  the 
namwoript  waking  valuable  snggeationa  and  enoouragimnta. 

REFERENCES 

Jolly#  R,  M.  (1956)  (    Inveetigation  of  Shear  Wavea.   Geophysica»  21,  905-938. 

Bonakl  S.  (1959)  I   Pundaaentol  Ssqperlnento  on  Generation  of  Shear  Wavea.   Joum.  Sals.  Ex- 

ploratioa  Gtenpt  Id*  19-100.  lin  Jivaneae] 
Shlna*  B.  and  Y,  Obta,  (1967)  t   Bj^ariinental  Study  on  Generation  and  Propagation  of  S-«avea 

I,  Deaigning  StMiave  Generator  end  ito  Field  Teato.    Bull.  Bartq.  Itea.  Inat.»  45,  19- 

32. 

Takahaahi,  H.  and  K.  Haaada  (1975)$   Deep  Borebcle  OteMvation  of  tha  Earth*  e  cruet 

Activities  Around  Itokyo  -  Introduction  of  the  IMatauki  Obeervatory.   Pure.  «  Appl, 

Geophys.  113,  311-320. 
The  Seiamic  Exploration  Group  of  Japem  (1976) :    Experimental  Studies  on  Generation  and 
Propagatioii  of  Seiamic  Waves,  Chapt.  5,  Sac*  6.     [in  Japanaae]. 


III-48 


Uiyitized  by  Google 


SHOT  HOLES 

Pig.  1   ArrangwMii't  of  tlM  ofaMrvation  i«ell,  atiot-hDlM  and  th«  SH-nvw  gamrator. 
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Fig.  2   Block  diagram  of  the  observation  system. 
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SH-WAVE  GENERATOR 
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Fig.  3   RMynthMisad  r«eocds  of  the  SH-wave  gexterator. 
Solid  cirdM  abow  tha  onset  of  s  wawa. 
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Pig.  4   Block  diagru  of  an  analog  signal  oonvarter* 
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Pig.  5    Records  of  the  horizontal  component  seisntoneter  with 

tha  suitable  flltaring.  Solid  eirelM  slioir  the  detected 
oneet  of  S  nave. 
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EXPLOSION 
Vertical  eomponvnl,  no  f  ilttring. 
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Fig.  6    Rpcords  of  the  yerti    il     oismometer  vlthotlt  fllt«rlng 
Solid  cixc^M  show  uxe  true  ?  wave.  ' 
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Fig.  7   Trawl-tiaa  diagrov      s  and  P  wavM 
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S  and  P  wave  Velocity  [km/sec] 
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Pig.  a  Velocity  stzuoturv  of  S  and  P  imvM. 
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lOBKAiicH  OR  AcnvB  noua  zn  «b  loniopQuxiut  aru 

Bixoahl  Sato«  Gaograpibiaal  Survoy  Xnstltuta 
TodiShiso  Mkittit  Geolegloal  Surragr  of  J^ipan 

ABSTRACT 

TIm  jpMMmt  state  of  XMMrdi  on  aetiva  faulte  in  tha  Mtropolltea  araa  ia  diaeuaaad. 
nia  papar  daacrUiaa  Vtm  dlaeovary  of  two  aetiva  faulta,  tha  Tadtikana  ranit  and  tha  Axakawa 
Fault,  in  tha  Kanto  plain*   The  papar  alao  points  oot  that  at  praaant  thara  is  no  dafinitiva 
n«tiiod(a)  to  dataet  aotlvs  faults  coyarad  hf  thick  aadinant.   tha  9ao(pfe9f8ioal  nathods 
eoBBtmly  anployad  in  indargronnd  raaaardi  work  praaant  pzoblana  nhan  tha  nathoda  ara  usad 
for  rasaandi  on  aatlva  faxilte  in  urban  araaa*    Gaoehanioal  nathoda  ahould  ba  eonaidarad. 

KEYWORDS t    Detection  of  active  faults)  earthquake  prediction;  research  on  active  fault 


JII-55 


Digrtized  by  Google 


INCHODtlCTION 


It  ia  wall  known  tiiat  «  auddan  ■ovaoMat  of  a  tmoXt  rasolta  In  an  aartiiqaaks.  Fault 
whloih  had  mved  In  geologically  raoent  tiM*  nanely  Quartanazy,  la  conaidarad  to  wovm  in 

the  future.    Such  •  fault  ia  called  an  active  fault  and  it  is  possible  to  estlMta  the 
magnitxida  and  the  mean  reciirrence  time  by  Icnowing  its  length  and  displacement.  Research 
on  active  fault  are  important  for  earthquake  prediction  and  earthquake  hazard  mitigation. 
However,  active  faults  in  urban  areas  have  not  been  well  understood  yet  because  of  the  many 
difficulties  in  performing  research  on  active  faults.    Recently,  importance  of  counter- 
measure  for  earthquake  hazards  in  urban  areas  is  emphasized,  and  research  on  active  faults 
under  nn^ttopcliL^a  axeas  tuive  been  urged.     This  paper  describes  the  present  state  of  the 
research  on  active  faults  in  the  metropolitan  area. 

BMtXBQOMB  DISMIBR  IH  THE  NBnOKLXSMr  MBk 

Since  160'?  when  the  Shogtmate  was  established  in  Edo,  the  metropolis  of  Japan  has 
boon  attacKod  by  destructive  earthquakes  more  than  thirty  tines,  and  those  of  intensity  6 
or  morti  ii.  jyjx  iicaly  have  been  recorded  eight  times. 

The  earthquakes  that  caused  severe  damages  to  the  metropolis  can  be  classified  into 
tMD  ont«goeia«r  that  ia*  major  earthqpiakaa  in  tha  Sagaai  Bay  and  daatructiva  aarthiiuakea 
undar  tha  uxtMui  ai«a.   Nora  than  half  of  tha  aartfaquakas  that  attadcad  Bdo  are  oonaidarad 
to  ba  tha  latter  typ^,   Homdays*  tha  poaalbUl^  of  tha  ooourrance  of  a  najor  aarthqpaka 
in  tha  Sagani  Bay  tn  tha  near  futnra  la  conaidarad  aaall  and  that  of  a  deatruetlve  aarth- 
qjaaStm  in  i3t»  inland  is  oonaidarad  not  so  anallt  as  «a  haw  not  had  large  earthguakea  in 
tha  watropolitan  area  ainoa  tha  Nlahisaitaaa  aarthqu«k«  occurred  In  1931.   The  nean  tlM 
interval  of  deotructive  earthquakea  in  thia  area  ia  nearly  30  years,  ao  tha  ooourrenee  of 
a  deatruetlve  aarOagiiake  under  nakyo  is  very  acpMhaasive  today. 

Barthquakas  that  oauaed  danages  to  Edo  or  Toikyo  are  divided  into  two  groups  froai  ' 
their  focal  depth.    The  Ansel  BdO  earthquake  of  1854  is  estimated  (from  the  distribution 
of  damages)  to  be  a  shallow  euthquake  whose  focal  depth  was  30  Km  or  less,  and  the  Tokyo 
earthquake  of  1894  is  considered  to  be  a  relatively  deep  one.     In  the  southern  Kanto 
district,  there  is  an  active  sei  smic  zone  in  the  depth  of  40  —  60  Km  and  the  Tokyo  earth™ 
quake  of  1894  is  ostimatod  to  be  in  this  zone.     Though  the  likelihood  of  occurrence  of 
a  relatively  deep  earthquake  is  larger  than  that  of  a  shallow  eeurthquake,  the  latter  nay 
give  more  severe  damages  to  the  Tokyo  area. 

nia  diatrllnition  of  destructive  earthquakes  in  Kanto  appears  to  be  closely  related 
with  the  tectonic  Una  extending  ttem  the  northwestern  part  of  the  Kanto  plain  to  the 
aoutheaatMn  pert,   fio^  the  studies  of  the  teotonlo  atxuatura  are  laiportant  for  the  evalua- 
tion of  aeisadc  hasards  in  ths  nstropolis  of  Japan.    (Pig.  1) . 

GBOL06ICM*  BWHJUfUWt  MD  ACRW  niSAS  IH  WB  nURO  KAIH 

The  geological  Structure  ctf  south  Kanto  is  diaraeterlsed  by  thidc  sediaent  of  Haogen 
end  Quartenary  and  alao  by  active  aeiaaiicity  acne  of  50  >  60  M  la  d«{pth.    In  sudi  thicik 
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MdiMnt  uMaa,  it  nifhfe      poaalbl*  to  ••tia»t«  •  llnMr  ttniPtHn      Iwm  roeJWr  MMly 
tmoLt,  fn»  th*  diaeontlnuity  In  the  thldCMsa  of  sodimnt,  but  it  is  difficult  to  knoir 
ttliAtiMc  tiie  fault  hmi  momA  or  not  In  g«ologieally  raowit  tlM.    (Fig*  2) 

flM  kneiim  ok  estlaated  active  faults  at  pcesMt  in  the  eoutibem  xanto  district  are 
aibeum  in  Pig.  3.   As  seen  in  the  figure*  the  faults  are  located  nainly  in  the  western  part 
of  the  plain,  and  thair  strikes  era  proninent  in  the  direction  fron  northsest  to  southeast. 

Soma  active  foldings  are  estimated  to  be  in  tha  oentral  and  aastant  part  of  tba 
plain.    These  foldings  night  be  considered  a  faulting  in  deep  layer,  reaulting  foldinga  in 
the  upper  layer.    Anong  thm  active  faulta  in  the  awtrppolitan  area  tiis  aoat  i^ortant  ones 
on  the  hasard  nitigatlon  are  the  lachlkasa  fault  and  the  Arakam  fault. 

Tachikawa  Fault 

This  is  the  active  fault  running  from  Oome  city  to  Tachikawa  city  (west  of  Tokyo)  and 
its  length  is  estimated  to  be  20  Km  or  more.     It  was  very  recently  that  the  existence  of 
this  fault  beeana  definitive  frosi  the  interpretation  of  air  photographs  and  field  investi- 
gations* and  thia  poaaa  a  probl«a  toK  land  use  in  this  area,   lha  fault  pass  under  tiie 
Vaefaiknia  airdrooM  of  tha  0.8.  air  force  and  tha  airdroaa  %flll  be  turned  over  to  tt» 
Japanese  govemnent  in  the  near  future.    Its  nsan  vertical  displacenent  rata  is  estinatad 
to  be  0.2  m/ymtxt  resulting  in  the  present  total  displacenent  of  about  4  n  to  the  Taehi* 
kasa  plain  uhlch  was  fornwd  nearly  20*000  years  age. 

Any  historical  earthquake  originated  fron  the  Tachikawa  fault  is  not  known,  but  at 
leest  one  earthquake  resultsd  Cxam  ths  fault  within  the  last  10*000  years*  whan  it  dis- 
placed a  sediaantal  layer  fomed  nearly  10,000  years  ago.    If  we  assiaw  that  th*  dispUoe- 
Mnt  of  the  fault  ia  about  1  m  during  one  aartfaquaka*  tha  naan  racurranoe  tine  of  tha 
eazthquakes  originated  from  tha  fault  is  estiamtad  to  be  about  5,000  yaara. 

AraJcawd  Fault 

This  fault  is  estimated  from  investigations  of  tectonic  movements  of  late  Quartenary 
in  the  Xanto  plain.    A  clear  boundary  of  tectonic  bLofdis  hss  been  found  along  the  Arakawa 
River*  and  an  active  fault  should  bs  considered  to  be  thers  to  explain  the  discontinuity 
in  the  sovMMnts.  Althoo^  its  existence  is  net  oonfixawd  yet  by  field  investigatleas* 
tha  fault  ia  estiautsd  to  be  west  down  ravursa  fault  of  B  class*  that  is*  nesn  diflplaoe- 
■ent  rate  in  the  order  of  0.1  -  0.2  H^^rear. 

Recently  a  clear  gap  of  about  400  n  in  the  depth  of  base  rode  wae  found  at  the  nortii 
of  TOlqfo  by  the  artificial  eaploeion  at  YUBanoahioa  in  Tokyo  Bay.    Coaw  rasasrehers  suppoao 
tha«  this  gap  is  a  pmrt  of  tha  Azafcmwa  fnult.    Opnsidoring  the  estiwated  strike  of  ths 

* 

fault  and  the  distribution  of  the  historical  earthquake*  the  Arakawa  fault  night  be  con- 
sidered as  a  part  of  the  medium  line  in  the  Kanto  district. 

Exact  location  and  length  of  the  Arakavra  fault  are  not  known,  but  it  is  the  nearest 
fault  to  the  central  part  of  the  natregpolls  of  Japan*  therefore,  research  of  the  Arakawa 
fault  is  greatly  needed. 
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RESEARCH  OF  ACTIVE  FAULTS  IN  THE  METROPOLITAN  AJ<EA 

Hbm  first  ayntlwaia  sMattcb  of  aetlw  f«ult«  in  tbm  amtrogolitma  arm  have  been 
oonductad  liy  thm  GoonlttM  for  Dla«st«r  9t9vwtix»  of  9olkyo*   Hi*  ooowlttM  «aipliMis«d  tb* 
iaportance  of  actiy*  faults  on  ths  hazard  mitigation*  and  oonpilod  a  nap  of  aetlva  faults 
and  folAlngs,    Howewrf  jvsssnt  infoxnation  itovt  aetiva  faults  in  tlis  southern  Xanto 
plain  is  not  suffieisnt  baoausa  of  nany  difficulties  encountered  in  tha  rasaarch. 

Recently*  a  research  project  on  active  faults  under  sedimental  layer  has  been  initiate 
under  the  promotion  by  the  Science  and  Technology  Agency  of  Japan.    The  project  is  aimed 
to  explore  a  new  way  of  investigating  active  faults  covered  by  thick  sediment  by  using 
many  kinds  of  geophysical  methods.     Although  these  geophysical  methods  are  commonly  used 
for  geophysical  prospectings  of  undergjround  structure  some  problems  remain  when  they  are 
used  for  the  research  on  active  faults  under  young  sediment.     It  is  important  to  know  the 
amount  of  displacement  in  the  young  sediment  due  to  faulting,  but  physical  property  of  the 
young  sediment  is  much  affected  by  the  amount  of  included  water,  then  it  is  difficult  to 
detaot  tiia  diaplaonant  fron  tha  diftemoa  of  the  physical  property  of  titia  aaillmant  Hha 
prasant  project  is  to  saardi  effactiva  naya  to  apply  thasa  gooj^sical  aathods  for  tha 
studies  of  active  faults  under  thick  sadlaents  vitii  the  cooperation  by  governwsntal 
institutes  related  to  th»  research  for  earthquake  prediction. 

the  following  is  a  lAort  sosvaty  of  tb»  present  ceseaxch. 

Crairity  Survey 

Rreal  distribution  of  gravity  anomaries  reflects  the  geological  structure  of  the 
underground,  so  it  •' possible  to  know  the  depth  of  base  rock  emd  its  fall-off  by  sur- 
veying the  gravity  values  minutely.     Therefore,   the  Geographical  Survey  Institute  is  now 
doing  gravity  surveys  with  the  alloting  of  one  point  at  every  I  Km  in  the  metropolitan 
area*    Fig.  4,  is  the  prelimtnsxy  result  of  'ttte  surv^.    The  figure  is  Bade  by  filtering 
out  long  wave  ocwponent  in  the  bouguer  anamary.   As  seen  in  tha  figure*  a  linear  structure 
of  tha  bouguer  aikaoiary  astaoding  in  the  weat-east  direction  is  renarkable  in  the  nortiiezn 
part  of  the  Xanto  plain. 

As  Mantioned  pravioualy*  the  strikes  of  the  active  fault  knoim  in  the  aoutham  xantao 
diatriet  are  Mf-SB  directiont  so  ths  line  like  anoury  found  by  «Jia  gravity  anrv^  is 
notsiMrtliy* 

Micro  Earthquakes 

In  western  Japan  where  the  depth  of  base  rock  is  very  shallow,  the  activity  of  micro 
earthquakes  has  a  close  relation  with  etctive  faults,  that  is,  many  micro  earthquakes  along 
active  faults  are  dbserved.    Such  pheBowanst  however*  have  not  yet  been  known  in  eastern 
Japan*    Recently*  a  linear  distribution  of  nicro  earthguakea  of  shallow  Aasftti  was  found  by 
the  observations  of  very  high  eensitivilgr  *t  iwatuki  in  the  area  where  an  active  folding 
is  estimated*  and  the  distribution  of  the  aiicro  earthquakes  is  well  accordant  %ritb  this 
active  folding* 
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At  pMamtt  any  nlozo  — rtlnaato  matlvLtr  ift  not  kmim  Along  tlM  Mefhikam  fault  mA 
ttw  ArakavB  faulty  but  tlian  Is  a  poMiblllty  that  alczo  aarthquakaa  aigtat  ba  obaarvad 
thera  vban  tha  ofaaarvation  nat  la  wall  aatabliahad. 

Blaattc  Waya  ProBpactlng 

Elastic  waves  aza  a£f active  naana  to  proapeet  undecgxound  structures,  hax,  tiiare  are 
problems  when  it  is  applied  for  the  research  on  active  faults  in  the  urban  area,  that  is, 

it  is  difficult  to  use  gunpowder  as  a  source  of  elastic  wave,  so  it  is  necessary  to  search 
for  another  source  usable  in  the  urban  area.     Another  problem  is  that  physical  property  of 
shallow  sedimental  layer  is  much  affected  by  the  ground  water  and  also  contrasts  between 
the  sediments  are  very  small.     It  is,   therefore,  necessary  to  develop  a  new  receiving 
system  of  high  resolving  power  and  the  way  of  data  analysis.     The  Geological  Survey  of 
Japan  is  now  developing  a  new  system  of  elastic  wave  sounding  for  active  fault  under 
sedimental  layer. 

Klactrlcal  Matted 

iliie  ia  en  affective  nay  to  xeaearch  active  faults  fcoa  tiie  dif fexaaea  of  alaetrie 
property  sodt  aa  raaiativity  in  tite  tadlwantal  layars/  but  there  are  naay  artificial 
dlstnrbanoaa  in  tha  a«aauz«Banta  of  the  reaiativil^  in  urban  araaa,  ao  it  la  naoeaaary  to 

aliminate  artificial  noiaea  ia  tha  aaaaurflment.    The  Geonagnatic  Observatory  of  Kakioka  ia 
now  studying  a  nethodi  to  saardi  an  active  fault  by  the  MaaureMOt  of  ground  resistivi^ 
and  other  electric  prcpertlaa  of  the  ground. 

Conclusive  Remarks 

At  praaant«  there  ia  no  definitive  method  to  detect  active  faults  covered  by  thick 
aadJjDent.    Tha  geophgraical  iMithoda  are  uaaful  waya  to  search  ground  atruetura  Uttough  the 
•adlMntf  but  th^r  have  difficult  problana  to  aolva  idian  ttaqr  are  uBPllad  for  tSia  reaaradi 
on  active  faults*  and  gaechanical  SMrtfaoda  ahonld  be  considered.   Aside  fron  these  geo- 
physical and  chenical  nethodaf  geological  drilling  and  topogvaphioal  raaaaroh  have  to  ba 
conducted  by  *  new  approach  for  the  reaaarch.   We  expect  nueh  progress  in  tha  resaarch  on 
active  faulta,  aa  wall  aa  in  earthquake  hasard  nitigation  ia  tha  natropolitan  area,  by 
ayntheaising  tha  atudlaa  froa  the  ^aaent  project. 
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Fig.  1  Destructive  earthqiiaVes  8n<i  estimated 
tectonic  line  in  the  metropoitan  area 


Fig.  2  Contour  line*  of  the  bene  of 
Neogene  scdinent 


Active  fault 
e<«timated  active  fault 
—  block  boundary 


Name         Strike         Length  Mean  Displacenent 

Veloc  i  ty 

0.2/1000 
0.2/1000 
0.1  0.2/1000 


1.  Tachk«wa 

2.  Fukaya 

3.  Arakiwe 


.\45  W 
N  50  W 
N50  W 


20  Km 
10  Km 
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Fig.  3  Active  faults  and  block  boundaries  in  the  Kanto  District 
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Fig.  4  Ttebikaw*  fault 
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Fig.  6  Distridution  of  micro-earthquakes  in  Kanto  District. 
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CHARACTERISTICS  OF  VERTICAL  COMPONENTS 
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ABSTMCT 


Characteristics  of  vertical  components  of  the  5/4  scrong-motion  accelerograms  wore 
studied  in  order  to  determine  the  effects  of  vertical  ground  motions  on  dynamic  stability 
of  structures.    The  following  were  made  clear. 

1)  According  to  accelerograms  with  the  maximum  acceleration  of  over  50  gals  the 
ratio  of  the  naxiniM  aooeleratlou  on  tibe  vertical  coMpottent  to  tliat  on  the  horizontal 
component  «a»         tlian  1/2. 

2)  The  occurrenoe  tine  of  the  MxiiniB  aeoeleratlon  on  the  horisontal  conpoarat  was 
different  ttxm  that  on  the  vwrtieal  ooaponent.   At  the  tlJM  idken  Uie  safety  factors 
against  sliding  and  overtnmlng  ware  the  snallestr  the  ratio  of  the  vertical  acceleration 
to  the  horisontal  acceleration  was  leaa  than  1/3. 

3)  the  stability  analysis  of  the  gravity  type  viaysalls  based  on  a  current  design 
mthed  of  poet  facilities  was  perfoxaed  considering  the  vertical  seianic  coefficient. 
Gonseqpieatly,  the  vertical  seisslc  coefficient  was  found  to  have  little  influrace  on  tiie 
safety  factmr  for  gravis  typ*  quaywalls. 

KEYWORDS:    Design;  horizontal  acceleration}  seismic  coefficients;  stability;  strong-motion 


accelerogram;  structures;  vertical  acceleration. 
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A  ground  motion  during  an  earthquake  consists  of  a  vertical  component  besides  hori- 
zontal components.     It  is  geneialxy  recognized  that  vertical  accelerations  usually  have 
smaller  aioplitude  and  higher  frequency  components  as  coo^ared  with  horizontal  accelerations, 
hence  the  vertical  aeoeleratlone  have  little  influence  on  stabili^  of  civil  engineering 
atruetoras  mod  boildtngs*   Hewwer*  it  is  pointed  oat  fron  the  case  studies  of  daaaga 
raeoKds  tiiat  the  vertical  nctien  sight  have  sevare  influence  on  the  stablll^  of  Btxuetures 

Aeeoxding  to  the  peesent  Methods  of  aarthg^ahe  resistant  design*  the  vartioal  aotion 
is  considered  as  a  vertical  selaaic  ooafflolent  in  acne  eases  *  and  in  other  eases  it  is 
not  clearly  pxovided  but  indirectly  included  in  design  conditions.    Beoause  of  inaufflclent 
data  on  the  vertical  notions  during  aarthguakas*  the  effects  of  the  vertical  notion  in  the 
design  procedures  are  not  based  on  enough  infbxnation  on  asplituda  and  f raqottoo^  charac- 
teristics of  the  notion  but  axe  decided  from  a  sort  of  eipirical  knowledge  on  dynanic 
charactaristics  and  atabllil^  of  structures  as  a  idiele. 

In  order  to  coUact  sors  reliable  data  for  a  saisaic  designt  such  engineering  features 
of  vertical  motions  as  amplitude,  predominant  frequency,  ratio  of  vertical  acceleration  to 
horizontal  ones  are  investigated  by  using  strong-motion  accelerograms.     Furthermore,  for 
the  purpose  of  clarifying  the  effects  of  vertical  motion  on  stability  of  structures, 
gravity  typo  quaywalls  which  are  typical  type  among  harbour  structures  are  analyzed  by 
present  design  procedures  based  on  a  seismic  coefficient  method  (1). 


strong-motion  accelerograms  used  in  this  paper  are  drawn  from  "Annual  Report  on 
Strong-Motion  Earthquake  Records  in  Japanese  Ports"   (2)  published  annually  by  the  Port  and 
Harbour  Research  Institute,  Ministry  of  Transport  and  also  from  "Strong-Motion  Earthquake 
Records  from  Public  Works  in  Japan"  (3)  by  the  Public  Hork  Research  Institute,  Hinistry  of 
Oonstruetlon.  Mplltnde  of  aeoal-usograBS  used  hurein  is  over  10  ^Is  in  either  of 

the  tMQ  horiaontal  ooagonsnts.    the  294  records  during  May  1963  to  Deeeabar  1974  are 
salaeted  fron  the  puhlicatlcos  by  PflRI  and  the  280  reooiFda  during  January  1968  to  Decenber 
1973|  froBi  the  pulblicatioas  hf  PMRX.    Table  1  shorn  the  nwbar  of  records  in  each  ■axinnn 
aoeelaratioa  range.   Additionally,  noat  of  thaae  vera  recorded  by  SNRC-Bj  accelerograph» 
of  Kfaieh  specifications  ara  listed  in  iMala  2.    Baoauaa  of  limited  tine  for  analyaia,  only 
25  racmda  pdblisbad  already  by  VSBI  are  used  in  tiie  atudy  baaed  on  the  digitised  vertical 
oonvonenta.    The  digitised  aocelerograna  ara  listed  in  Tabla  3. 


Ratio  of  itoadmn  Vertical  Acceleration  to  Haadaun  Horisontal  acceleration 

Aa  staoun  in  Pig.  1  waxiMuw  vertical  accelwation  (A,—.-)  i*  conparad  to  the  naxinun 
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distribatlen  of  the  ratios  ^       records  and  also  shows  the  freguency  in 

each  aooelaratlon  raags.   In  tbeea  reoords  the  3  reoorte  show  particularly  larga  ratios, 
that  is,  l.aOr  1*60  and  1.67.    JUioocding  to  Pig.  1  the  ratios  '^^mj/'Smx  ^^^"""^ 
1/2  for  mst  records  of  Whldi  horlaoDtal  accelaratlons  are  over  SO  gals.    In  this 

case  the  maximum  horizontal  acceleration  means  the  larger  one  in  the  two  horizontal  componf 
ents.     But  the  real  horizontal  acceleration  in  each  instant  must  be  the  resultant  of  these 
components,  and  the  maximum  resultant  acceleration  in  the  horizontal  direction  is  always 
larger  than  the  maximtan  horizontal  acceleration  emd  becomes  2  times  in  the  largest  case. 

Therefore,  the  ratio  A       /A,        becomes  smaller,  if  the  maxiaum  resultant  acceleration  is 

vmax  nmax 

used  instead  of  the  maximum  horizontal  acceleration. 

Factors  Havlmi  Inf  luenoe  PII&Qn  mtlo  of  maasimm  Vertloei  Acceleration  to  MexiiwaQ  Horlsontal 
itooeleration 

As  Shoim  la  Pig.  1  tiie  ratios  ^BBj/SaBBX       vldely  scattered.    If  It  Is  aade  clear 
what  faetora  have  Inflttsnoe  iqpon  the  ratio.  It  nay  give  useful  Infonnation  for  the  earth- 
quake reslstsnt  design.   Since  phenooena  of  ground  notion  during  eerthquekes  are  vezy 
GOivllcated,  ■attanatloal  and  statistical  studies  are  desirahle  fOr  estimating  the  factore 
correctly.    Prior  to  such  appKoach,  the  influence  of  vaurious  factors  Including  maximum 
horizontal  acceleration,  epicentral  distance,  magnitude  of  earthquake,  subsoil  condition 
and  othera  on  the  ratio  A prellninarllly  investigated  hereinafter. 

(1)  mxlansB  Horlaontal  Acceleration 

In  Pig.  1  the  ratios  ^viiax^\max        fairly  scattsred  in  case  of  ansll  naxlmni  horl" 
sontal  aooelerationB  and  decreeae  to  almoat  less  than  1/2  in  caae  of  large  horl- 
aontal aoeeleration. 

(2)  qploentral  Distance 

Pig.  3  dKMS  the  distributions  of  the  ratios  A^^^yA^^^  la  relation  to  the  epicentral 

distance  for  all  records,  and  Pig.  4  also  tfWNS  tiie  ratios  for  the  records  with  the  laayliwi 

horisMital  aeeelecatioo  of  over  SO  gals.   Botii  in  rig.  3  and  Fig.  4  the  ratios  tend  to 

scatter  and  show  no  definite  correlation  with  the  sploentral  distance.   But,  for  extreaely 

Short  distance  the  ratios  hsoone  over  1,  and  this  fact  my  he  uortby  of  attwatlon  for 

considering  the  near  epicentral  area. 

(3}    Magnitude  of  Earthquake 

In  Fig.  5  the  ratios  A        /A,         which  are  obtained  from  records  with  the  maximum 

vmax  hmax 

horizontal  acceleration  of  over  50  gals  are  against  the  magnitude  of  earthquakes.     It  is 
shown  in  Fig.  5  that  there  is  no  particular  feature  in  the  relationship  between  the  ratio 
and  the  magnitude  of  earthquakos. 
(4)    Subsoil  condition 

Accelerograaa  etaidi  were  collected  by  the  Fort  and  Hastaonr  Hesesrdi  Institute  are 
used  for  invsstigatioo  en  subsoil  ceodltlons.   As  shcwi  In  fsble  4  ttm  sites  of  tiie  cbser* 
vation  atationa  are  claasif  lad  into  three  groqpe  «hidi  sere  elready  mqported  in  the  study 
<m  the  average  rsipottse  spectra  of  the  horlaontal  oosiponante  of  the  aceelerograns  at  the 

sitae  (4),     The  relationship  betiieen  A        and  a.       In  each  group  la  ahoun  la  Plga.  6  to 

vnax  nmax 
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8t  and  tha  ratios  h,^,/K.       ara  similarly  plottsd  to  tha  apicantral  diatanca.    Bat  thara 
is  no  significant  dlffaranoa  in  diaractaristiGS  amng  thaaa  grovqps. 
(5)    Tha  Otliars 

Wakayaiia  si-S  atation  In  the  observation  netMork  of  the  PHRI  and  Kinokawa-oHiashi 

station  (Station  No.  112)  of  the  PNRI  observation  network  are  only  1.4  kn  away  from 

each  other  and  succeeded  to  record  the  ground  notions  during  the  same  earthquakes.    Fig.  9 

shows  the  observation  results  from  these  stations.     In  the  figure  the  results  are  respec- 
tively numbered  in  sequence  of  date  of  earthquake  events  for  each  station  but  the  sane 
numbers  are  used  for  records  by  the  same  events.     In  the  case  of  the  epicentral  distance 

of  5.2  km  the  ratios  A        /A,         which  are  obtained  from  earthquake  maqnitude  of  3.6  to 

vmax  hnax 

5.0  are  fairly  well  scattered.    Ccnnparin^  the  resiults  at  both  stations  from  the  same 
earthquakes,  the  ratios  axe  similarly  over  1.0  for  the  event  No.  5  and  less  than  0.5  for 
the  event  No.  9.    Fig.  10  shows  the  observation  results  at  several  stationa  during  a  great 
earthquake  (1968  Tokachi-oki  earthqvakef  Magnitude t    7.9).    In  tin  figure  the  ratios 
^ vnax^^hmax  ^^"^  ^  scatter*  even  though  they  were  recorded  at  stations  of  similar  epi- 
oentxal  distance. 

Phase  Difference  Between  Maximum  Vertical  Acoeleration  and  Maximum  Horizontal  acceleration 

According  to  the  strong-motion  accelerograms,   it  appears  that  the  occurrence  time  of 
the  maximum  horizontal  acceleration  does  not  usually  coincide  with  that  of  the  maximum 
vertical  acceleration.     Therefore,  discussion  based  on  the  maximum  accelerations  of  both 
components  is  to  bo  presented  toward  the  most  extreme  case  in  which  both  of  the  maximum 
accelerations  occur  at  the  seme  time.     This  assumption  is  on  the  safe  side  from  the  view- 
point of  design.    But,  for  rational  eeucthquake  resistant  designs  it  is  desirable  to  make 
clear  by  the  observed  data  whether  both  the  nievlniiw  •eeeleratloBe  occur  at  the  aame  time 
or  not.    The  following  investigation  is  perfoxned  on  the  ratio  of  the  vertical  acceleration 
to  the  horiaental  acealeration  (a^/a^)  when  the  structure  hecones  the  most  unstable. 

In  order  to  make  the  problem  aifl(pler,  a  stability  of  a  rigid  block  on  a  solid  plane 
is  analysed  fcy  the  seisiUc  coefficient  mettiod*    h  resultant  force  due  to  gravity  and 
selaalc  force,  and  its  direction  are  et^ressed  by  the  following  equations * 


R  -  ■g/d+k^^*  -  * 


)  +kj^  (1) 


K  -  tan  d  •  (2> 

—  V 

where  P  -  resultant  force  acting  on  the  block 

m  =  mass  of  the  block 

g  =  acceleration  of  gravity 
k    ■  seismic  coefficient  in  the  vertical  direction 
k^  "  seismic  coefficient  in  the  horizontal  direction 

K  ■  resultant  seisnio  coefficient 

B  -  angle  between  directions  of  resultant  force  and  gravity 
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The  block  becomes  more  unstable  with  increase  of  the  resultant  seismic  coeffiolent.  FMB 

the  digitized  records  listed  in  T«ible  3  the  resultant  accelerations  of  the  two  coo^nents 

in  the  horizontal  direction  eure  calculated  and  the  resultant  seismic  coefficients  at  each 

instant  are  obtained  from  the  equation  (2) ,  in  which  the  resultant  acceleration  in  the 

horizontal  direction  and  the  vertical  acceleration  are  introduced.    When  the  resultant 

seismic  coefficient  becomes  maximian,  the  block  is  in  the  most  unstabls  'condition  against 

sliding  and  overturning.    Fig.  11  shows  the  vertical  acceleration   (A^)  and  the  horizontal 

acceleration  (A^)   for  this  maxitnura  condition.     Usually  maximum  resultant  seismic  coefficient 

occurs  when  the  horizontal  acceleration  is  almost  maximum  but  the  corresponding  vertical 

acceleration  is  not  so  large.    If  the  difference  of  the  occurrence  tine  between  and 

vnex 

A^^^^  is  takm  Into  conaiderftticm,  the  rmtLom  A^^^A^^^^  beooaw  «laest  leas  than  1/3. 

Fraguency  Charaotwlatioa  of  Vartleal  AccalaratAott 

Vourier  qpectra  and  reaponae  apeotra  of  the  digitised  reoocda  are  calculated.  In 
this  case  tba  wlniman  epicentral  distance  is  14  Ian,  and  then  the  records  from  the  near 
epicentral  turea  are  not  included.    Judging  from  Fourier  ^aetra  of  20  records  out  of  total 
25  records,   it  was  not  found  that  the  vertical  motion  may  contain  higher  frequency  compo- 
nents in  comparison  with  the  horizontal  motion.     As  an  example  of  the  results  the  spectra 
of  the  three  components  having  similar  shape  are  shown  in  Fig.   12.     Resp>onse  spectra  for 
relative  displacement,  relative  velocity  and  absolute  acceleration  are  also  calculated. 
According  to  the  calculation  the  spectra  of  the  vertical  component  and  the  horizontal 
components  are  almost  similar  in  shape  exept  6  records  out  of  25.     Fig.  13  shows  a  typical 
example  of  the  absolute  acceleration  spectra  similar  xn  shape  and  Fig.  14,  an  example  of 
the  apectra  different  in  shape.    Owing  to  the  linited  number  of  recoiPda  available,  it  is 
not  raoognisad  that  there  nara  mar  pairttealar  influanosB  bf  Mbseil  oeaditlons  and  earths 
qaakes  on  spectra. 

Accelerograms  at  WaluMraMa  Vort  on  March  30,  1966 

strong-motion  accelerograms  shown  in  Fig.  15  were  recorded  at  Wakayama  port  (epicentral 
distance:    5.2  km.  Subsoil  condition:    group  B)  in  wakayama  city  during  a  local  earthquake 
(magnitude:     5,  focal  depth:     0  tan)  on  March  30,  1968.     The  maximum  acceleration  of  N-S 
component  was  176  gals,  253  gals  in  E-W  component  and  405  rrals  in  vertical  component. 
Notable  feature  of  the  record  was  very  large  vertical  acceleration  in  comparison  with  the 
horizontal  acceleration.     Although  the  principal  part  of  the  vertical  component  did  not 
come  out  clearly  in  Fig.  15,  it  consisted  of  fairly  high  frequency  components  of  about  20 
Hs.    The  maudjnun  accelerations  both  in  the  vertical  and  the  horizontal  directiona  ooourrad 
at  different  Instants*  that  is#  the  horlaontal  aeoeleratlbn  was  about  2S  gala  when  the 
■axinun  vertical  acoelMratlon  occucrad  and  tlta  vertical  acoalaratlan  was  about  40  gala 
when  the  Mxlaun  horlaontal  aeoeleratlon  occurred. 

Nhat  is  spscially  notoMorthgr  Is  ths  fact  that  nana  of  tba  faoilitiea  at  tiakayaiia  port 
ware  damaged  fay  the  earthquake  in  ^ite  of  the  fairly  large  aooeleratlon  on  the  vertical 
ooagponsnt  and  the  relatively  large  aoeeleratlon  on  the  horiaontal  oosinnsnts.   It  is  oon» 
sequently  reoognised  that  the  earthquake  Notion  with  fairly  high  ficequeney  eosponents  and 
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tlie  diltmrmnt  oaeurraDCtt  tlas  on  tbt  m*imm  •eoal«r«tloii8  both  in  the  hoviiootal  and  In 
tlM  v«rtl«l  dir«etlon  do  not  luTa  so  audh  InflnuMtt  an  thn  stability  of  tfao  stznoturos* 

INFLUENCE  OF  VERTICAL  ACCELERATION  ON  STABILITY  OF  GRAVITY  TYPE  STRUCTURES 

Inf Ittanqt  on  Safaty  Factoir  iia»lmt  SlUiaq  for  Rigid  BlocX 

When  both  tha  borlaootal  and  tha  vartleal  aecaleratlens  exiat*  •  aafoty  factor  against 
sliding  for  sooh  a  rigid  block  as  ccncrsto  caisson  on  a  f i»  ground  is  s^prmssd  by  the 
following  aquation^ 

(1-k  ) 

»  -  g-—  (3) 

Ti 

vhoto  SF  m  saf aty  factor  against  sliding 

•  coefficient  of  friction  between  block  and  ground 

and       -  seismic  coefficients  in  horizontal  and  in  vertical  direction^  respectively. 
Three  kinds  of  situations  are  considered  for  the  calculation  of  safety  factors  against 
sliding  for  block.     In  the  first  situation,  only  the  horizontal  seismic  coefficient 
corresponding  to  .Aj^jj^  Is  taken  into  consideration.    The  second  situation  is  when  the 
safety  factor  is  the  mlnimuro  value  by  the  equation  (3)  in  which  the  seismic  coefficients 
are  equivalent  to  the  resultant  horizontal  acceleration  anu  the  vertical  acceleration  in 
each  instant.    In  the  third  situation,  the  safety  factoz  is  calculated  by  the  equation  (3) 
in  tszBS  of  tha  aaismio  coafficiants  corresponding  to  and  A^^^.    For  the  conpariaona 

o£  safety  faeters  ia  ttaraa  sitoations,  a^^^  is  nonaaliaad  as  250  gals  and  tJia  ooaffieiant 
of  friction  is  aaavMd  to  ba  0.6  fbr  all  easas. 

If  the  safety  factor  in  the  seoond  case  is  assowd  to  he  rational  for  the  etabillty 
analysis  of  stmoturoa  dnring  aarthqHaka*  tha  aafaty  factor  in  tiaa  first  case  is  over- 
estiwBtad  about  4%  and  is  nndarastiMited  about  5%  in  the  third  oaae.    niese  results* 
though  obtaiasd  in  ths  particular  conditions  will  provide  sone  infoniation  on  the  influence 
of  tihe  vertioal  acceleration  on  the  stabill^  of  structures. 

Influence  on  staibility  of  Gravity  Type  Quaywall 

haf erring  to  the  investigation  mentioned  above  #  the  influence  Of  the  vertical  acceler- 
ation on  tha  stability  of  gravity  type  structures  iflll  bs  discussed  with  the  aid  of  tbm 
present  design  procedures,   the  gravity  tygm  qoayMills  are  selected  for  discussion*  In 
the  present  design  procedures  of  port  facilities  (5)  the  seisndc  coefficient  in  the 
vartleal  direction  is  not  considered.   Shis  conception  is  net  based  on  the  investigation 
of  the  earthqoake  raeords  but  on  tha  aqpirioal  judgasnt  tiiat  tiia  effects  of  tite  vertical 
acceleration  on  the  stability  of  structures  will  be  cnat>ensa»ed  by  applying  a  proper  value 
of  saiaiic  ceeffioiants  la  Iflie  horlsontal  direction.   nHNrefora»  safety  factors  considering 
tha  vertical  seieHlc  eoefiicient  will  be  anoMiiined  using  tiM  present  design  procedures. 

Model  quaywalls  are  sho%m  in  Figs.  16  and  17.    One  is  a  comnon  size  of  wall  with  a 
water  depth  of  -S.5  m,  the  other  is  a  relatively  large  wall  with  a  water  depth  of  -12  in. 
In  the  stablli^  analysis  the  horizontal  seismic  coefficient  are  changed  as  0.15,  0.10  and 
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0.05,  and  the  vwrtleal  seindo  oeaffloiwats  ara  fixod  as  oim  half  of  the  horlaontal  one  in 
both  the  iipmrd  and  dowmMzd  dixeetions.    Such  design  oonditions  as  ezoim  height*  sea 
water  level,  angle  of  friction  of  backfill  soil,  surdiarge*  ratio  of  width  to  height  of 
eaia««&  and  vasidnal  water  level  are  also  ctumgeid  In  several  ways.   Safety  factors  against 
sliding  and  overtvuming,  and  bottom  reaction  ars  calculated,  and  their  changes  due  to  the 
vertical  seianic  coefficient  are  aleo  examined. 

tecotdlng  to  the  aaalysie,  the  vertical  seismic  coefficient  acting  in  the  upward 
direction  reduces  the  safety  factors  and  the  rate  of  reduction  of  the  safety  faotors 
increases  proiportlonally  with  increase  In  the  hoxisontal  seismic  coefficient.    For  eanoiple, 
safety  factors  in  whi^  the  vertical  seiamie  coefficient  are  considered  decrease  1.5%  in 
the  case  of  the  horlaontal  seismic  coefficient  of  0.05  and  10%  in  the  case  of  0.20  in 
oomparison  with  the  cases  in  which  the  vertical  seismic  coef ficlMtt  is  not  considered, 
these  rates  of  the  reduction  of  safety  factors  remain  unchanged,  even  if  the  design 
parameters  except  the  horizontal  seismic  coefficient  are  changed.    It  is  indicated  that 
bottom  reactions  vary  conplicatedly  with  the  direction  of  the  vertical  seismic  coefficient 
and  other  design  paraiseters.     The  rate  of  chamqe  of  the  safety  factors  is  coirmonly  within 
several  percents,  but  in  special  cases  it  changes  up  to  20%  for  the  structure  with  a 
safety  factor  of  1.0  against  sliding. 

This  discussion  is  United  to  the  particular  condition  in  which  the  vertical  seismic 
coefficient  is  one-half  of  the  horizontal  one.    But  the  influence  of  the  vertical  motion 
on  safety  factors  and  bottom  reaction  will  certainly  decrease  in  the  case  irtien  the  differ- 
ence of  occurrence  time  between  A.       and  a        is  taken  into  consideration,   yrom  the 

Imax  vmax 

analysis  above,  it  will  be  concluded  tliat  the  vertical  component  of  earthgiiake  motion  may 
give  only  a  small  variation,  less  tJian  several  percents,  in  safety  factors  for  gravity 
type  structures,  and  in  the  pcaeticel  design  It  is  possible  to  compensate  this  degree  of 
small  variation  by  applying  a  proper  value  of  horlaontal  seismic  ooeffleients. 

CONCLUSIONS 

1)  According  to  the  accelerograms  of  ths  maxlmimi  hiviaontal  acoeleratifln  of  more 
than  SO  gals,  the  ratio  of  tbm  maxlnuB  acceleration  on  the  vertical  component  to  that  on 
the  horlaontal  ooajponent  {greater  acceleration  on  the  resultant  of  two  horiaontal  oaapo^ 
nents)  is  less  than  1/2* 

2)  Any  aignifioant  rslationship  can  not  be  found  between  the  ratio  of  the  maximum 
vertical  acceleration  to  the  waKlmum  faorisontal  acceleration  and  the  factors  such  aa 
laxliium  horisontal  aeoeleratlon,  epioantral  distaoes,  nagnitude  of  earthgoake  and  subsoil 
conditions  at  the  sites. 

3)  The  ratios  of  the  maximum  vertical  acceleration  to  the  maximum  horizontal  acceler<- 
ation  are  fairly  scattered  in  the  accelerograms  which  are  recorded  at  stations  during 
earthquakes  with  almost  the  same  epicentral  distance  and  the  same  magnitude. 

4)  ItiG  occurrence  time  of  the  maximum  acceleration  on  the  horizontal  component  is 
different  from  that  on  the  vertical  conponent.    At  the  time  when  the  safety  factors  against 
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sliding  ana  cvartuming  for  qxmvitr  ^pm  ■trueturM  are  tbm  aaallaBt,  tba  ratio  of  tbm 
vartical  aoealaratlon  to  tho  taorlaontal  accalaration  is  lass  than  1/3. 

5)  Vouriar  apactra  and  ra^onaa  q^etra  of  the  vertical  ooavonant  and  the  horiaoatal 
ooaponents  o£  the  earttivaaka  notimia  in  which  ^Icantral  diatancaa  are  aore  than  14  km 

show  almost  similar  frequency  characteristics. 

6)  During  a  local  earthquake  near  Wakayana  city  on  March  30,  1968,  the  accelerogram 
with  the  vertical  component  of  405  gals  was  recorded  at  Wakayajna  port  with  the  epicentral 
distance  o£  5.2  km.    inspite  of  the  fairly  large  vertical  acceleration,  none  of  the 
facilities  at  the  port  were  damaged. 

7)  Using  the  present  design  method  for  harbour  structures,  the  stability  analysis 
for  gravity  type  quaywalls  was  performed  in  order  to  examine  the  effect  of  the  seismic 
coeffioiaat  in  the  vertical  direction.    So  far  as  the  quaywalls  investigated  herein  cure 
ooncemed,  the  vertical  aelsaic  coefficient  has  not  so  considerable  influence  on  the 
Stability. 
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Table  1     Number  of  Acceierogrsim 


Max.  acceleration 
range  in  gals 

Number  of  accelt:rograms 

PHRI 

(Mar.  1963 -Dec.  1974) 

PWRI 

(Jan.  1968  -Dec.  1973) 

Total 

10  -  20 

135 

103 

238 

20  -  50 

106 

llA 

220 

over  50 

53 

63 

lio 

Total 

294 

280 

574 

Table  2     SpecificationB  of  SIMC-B2  aeeelerograph 


number  of  elements 

Natural 

period  of 
pendulum 
(sec) 

Damping 
constant 

Sensitivity 
(gal /mm) 

Max. 

recording 

accclaration 

(gals) 

2  liT horizontal 
I  In  vertical 

0.14 

critical 
damping 

12.5 

500 

Recording 
syatea 

Recording 
speed 
(on/ sec) 

Recording 
time 
(min) 

Timing 
(sec) 

Dimension 
of 

instrument 
(cm) 

Scratching 

stylus 
paper 

10 

3 

1 

54x54x37 

Table  4     Stations  classified  by  subsoil  condition 


Group 

Subsoil  condition 

Station 

A 

Rock»  very  dense  granular 
layer  with  M  value  of 

over  50 

Miyako-S,  Kaabima-6»  Kushlro-S,  Koken-8, 
Ofuoado-boehi-S,  Aklta-S 

B 

Sandy,  stlty  and  clayey 
layer  vltb  medium  density 
except  group  k  and  C 

Muroran-S,  Hachinohe-S,  Shtogama-S, 
Tomakomai-S,  Shiogamakojo-S,  Onahama^S, 
Chiba-S,  Keihlnji-S,  Shinagawa-S, 
Yaasshltahen-S ,  Tagonoura-S,  Shlmiiukojo-S, 
Kinuura-S,  Nagoyazokan-S ,  Yokkaichi j i-S , 
Yokalchichltoae-S,  KobeJi>S,  Hiroshima -S, 
Kochi-S,  Ho8oshima-8,  lLansBawi-8»  Saksta-S, 
Wakayarr.a  Jl-S  ,  Tsuruga-S,  Ofanado-S« 
Kashinaji-S,  Okitsu-S 

^       '  Loose  sandy  layer  with  N 

'.  11-  of   less    r  -  .i  -  , 

Aomori-S,  Kagoshima-S 
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Fig.  3     Distribution  of  ratios  of  ni^x.  vertical 
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Oevelopsents  In  Strong-Motion  Data  Management 

A.  GERALD  BRADY 
U.S.  Geological  Survey,  Menlo  Park,  California 

ABSTRACT 

Some  recent  developments  in  the  procedures  for  digitization  and 
subsequent  analysis  of  strongnnotlon  earthquake  accelerograph  records  are 
described.  The  standard  digitizing  and  analysis  procedures  of  the  California 
Institute  of  Technology's  Earthquake  Engineering  Research  Laboratory  have  been 
well  documented  for  several  years  now  and  apply  well  to  the  long-duration, 
hlgh^ampIUude  recordings  that  Mere  the  main  omtent  of  the  project.  This 
paper  provides  further  descriptive  aiaterlal  dealing  with  the  care  needed  In 
using  standard  analysis  procedures  on  records  Mhlch  cannot  be  described  as 
standard.    In  particular,  short  duration  records,  where  except  for  a  few 
peaks  the  amplitudes  are  low »  have  noise  problems  that  can  only  be  reduced 
by  considerable  reduction  of  the  frequency  range  containing  valid  data. 
The  Seismic  Engineering  Branch  of  the  U.S.  Geological  Survey,  in  continuing 
the  digitization  and  analysis  of  significant  records,  has  modified  the 
standard  procedures'  where  experience  has  shown  such  adjustments  are  necessary* 
and  plans  to  make  further  modification  where  appropriate. 

INTRODUCTION 

Strong-motion  earthquake  accelerograph  records  have  been  digitized  with  various 

techniques  since  significant  ones  were  first  recorded.   A  detailed  description  of  the 
methods  used  over  the  years  up  to  the  present  day  would  show  the  gradual  improvement  in 
digitizing  during  this  t1me»  Indicative  of  the  concern  amongst  users  of  this  data  for  the 
extraction  of  the  maximum  amount  of  information.  This  quest  continues,  and  Indeed  It  Is 

obvious  that  any  report  describing  "current"  techniques  under  such  circumstances  must  be 
expected  to  appear  inmedlately  out  of  date  to  some  readers.   The  digitizing  of  records 
has  been  carried  out.  In  the  main.  In  order  to  analyse  them  more  thoroughly  then  can  be 

KEYM)ROS:  Accel erograns,  Digitization,  Hign  frequencies.  Low  Frequencies 
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done  by  visual  study.   Of  interest  has  been  the  time  history  of  ground  velocity  and 
displacement,  the  frequenciy  content  of  the  different  bursts  of  energy  in  the  record,  and 
the  effects  on  simple  Ideelind  strwctures  assuned  to     excited  fcy  the  ground  motion » 
and  portrayed  In  response  spectra. 

By  the  early  1960's  it  was  realized  that  the  results  of  most  analyses  of  digitized 
records  depended  to  an  appreciable  extent  on  the  Individual  technique  of  the  people  doing 
the  digitizing  and  planning  the  subsequent  computer  analysis.  A  conparatlve  digitizing 
effort,  carried  out  by  research  staff  at  Caltech,  U.C.  Berkeley,  the  University  of 
Michigan  and  the  University  of  IlllnoiSt  clarified  a  number  of  points  pertaining  to  the 
digitizations  and  analjrsesJ  At  that  tine  parabolic  corrections  were  made  to  the 
accelerations,  and  calculations  of  displacement  showed  up  the  dependence  of  these 
displacements  on  the  details  of  the  computing  techniques.    Response  spectra  calculations 
were  also  shown  to  depend  on  such  parameters  as  the  integration  step  length  and  the 
record  duration,  as  well  as  the  obvious  basic  dependence  on  the  digitizer  of  the  original 
record. 

In  1968  Caltech 's  Earthquake  Engineering  Research  Laboratory  embarked  on  a 
digitization  and  analjrsis  project  whose  main  goal  was  to  provide  data  in  digital  fonn 
by  standard  procedures  developed  over  the  early  stages.  Reports^  and  magnetic  tapes 
containing  the  data  from  38T  digitized  records  were  distributed  throughout  the  country 
and  to  some  overseas  destinations,  and  their  use  attest  to  their  acceptance.  Procedures 
are  fully  described  In  the  reports  for  digitization  of  the  various  types  of  records 
making  up  the  total,  and  for  routine  analyses.   These  standard  analysis  procedures 
Include  the  following: 

1.   Preparation  of  uncorrected  scaled  data  by  making  use  of  time  marks  and  fixed 
traces  uhere  available. 

^A.  G.  Brady*  "Studies  of  Response  to  Earthquake  Ground  notion.''  EERL  Report. 
Calif.  Inet.  of  Tech..  Pasadena,  Calif.  (1966) 

^•'Strong  Notion  Earthquake  Accelerograms,"  Vol.  1,  Part  A  (Report  No.  EERL  70-20). 
Vol.  II,  Part  A  (Report  No.  EERL  71-50),  Vol.  III.  Part  A  (Report  No.  EERL  72-80), 
Vol.  IV,  Part  A  (Report  No.  EERL  72-100),  Calif.  Inst,  of  Tech.,  Pasadena,  Calif. 
(1970-1972) 
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2.    Preparation  of  corrected  data  by  making  use  of  the  Instrumental  constants  1n 
an  Instnwent  correction,  and  by  removal  of  high  frequency  and  Iom  frequency 
noise  In  a  band  pasa  filtering  operation. 
3*  Calcylatlon  of  response  spectra  for  five  different  values  of  damping  and  over 
a  frequency  range  equal  to  that  of  the  pass  band  used  in  the  correction  stage. 
4.   Calculation  of  the  Fourier  amplitude  spectrum  of  the  record  by  use  of  Fast 
Fourier  Transfoni  techniques. 
Many  countries  In  selsnlc  areas  of  the  world  have  similarly  embarked  on  the  planning  and 
Installation  of  instrumentation  networks  and  have  subsequently  developed  analysts 
techniques  fOr  use  on  those  significant  records  that  they  have  recovered  and  digitized. 
The  Caltech  project  has  fluently  been  used  as  a  standard  guide  for  these  endeavors  and 
has  served        In  this  capacity  Mhen  care  has  been  exercised  In  transferring  the 
procedures  to  the  users  particular  circumstances. 

DIGITIZATION 

An  appreciable  amount  of  Information  can  be  obtained  from  the  record  before  any 
digitization  attempt.   Peak  values  of  acceleration  can  be  scaled  off,  using  the 
sensitivity  of  an  Individual  transducer's  mechanical  and  optical  properties.  The  total 
duration  of  the  Instrumental  record  can  be  deteimlned  from  the  time  marks.  The  duration 
of  various  levels  of  strong-motion  can  be  determined,  such  as  the  length  of  time  betmen 
the  first  and  last  amplitudes  of  100  on/sec^  (or  O.lg}.    In  some  cases  where  the 
Instrtiment  has  been  triggered  fay  the  first  vertical  accelerations  reaching  It,  (P  waves), 
and  the  horizontal  components  show  S  weve  arrivals  clearly,  then  S-T  times  can  be  read 
off  for  use  in  epicenter  determiFidtians  and  other  travel  time  calculations. 

Engineering  uses  of  accelerogram  records  prior  to  digitizing  is  limited  to  the 
Investigation  of  upper  story  records  where  modal  vibrations  of  a  structure  become 
apparent,  particularly  after  the  first  transient  motions  have  dissipated.  Some 
prellinlnary  estimates  of  mode  shapes,  depending  on  the  number  of  records  throughout  the 
height  of  the  structure,  and  of  their  natural  frequencies,  can  be  made.  This  allows 
calculation  of  base  shears  and  overturning  moments  during  normal  mode  vibrations  as  they 
occur  during  earthquake  excitation. 
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For  computer  analysis  of  the  dynamic  behavior  of  buildings  during  base  Input  notion, 
ground  motion  records  must  first  be  digitized.    The  records  from  upper  levels  of 
Structures  must  be  digitized  If  a  detailed  computer  Investigation  Is  required  of  building 
motions,  stiffnesses  and  mode  shapes.  Also,  for  Investigations  that  requlv^  the 
Integration  of  carefully  prepared  accelerations,  for  velocity  and  displacement  time 
histories,  the  original  accelerations  need  digitization. 

High  Frequency  Considerations  of  Hand  Digitizing 
Hand  digitizing  refers  for  the  time  being  to  inoving  a  cross-hair  by  nand,  following 
a  trace,  and  selecting  Individual  points  whose  coordinates  are  recorded  automatically 
Mlien  signalled  by  the  operator.  Subsequent  computer  programs,  Mhlch  assume  that  the 
traces  are  straight  lines  between  elected  points,  demand  that  among  the  points  chosen  are 
all  the  local  pealcs  and  all  changes  of  slope.    In  order  that  the  same  control  on  high 
frequency  noise  can  be  maintained  throughout  the  duration  of  the  digitized  record  the 
average  density  of  selected  points  must  be  kept  up  In  the  weak-motion  portions  to  the 
level  maintained  In  the  strong-motion  portions. ^ 

The  following  line  of  reasoning  can  now  be  applied  to  the  further  analysis  of  this 
raw  data.  Suppose  for  the  sake  of  an  exaii4>1e  that  the  average  digitizing  rate  of  a 
particular  trace  corresponded  to  50  points  per  second  of  record  time,  chosen  because 
25  Hz  content  was  seen  to  be  present  and  capable  of  digitizing.    Portions  of  the  record 
that  contained  20-25  Hz  signals  would  be  digitized  just  at  the  peaks,  i.e.,  two  points 
per  cycle,  while  signals  at  the  10  Hz  frequency  level  would  be  Identified  with  approx- 
imately 5  points  per  ^cle.   Lower  frequency  content,  appearing  smoother  In  the  record, 
would  be  well-defined  with  many  points  per  cycle.    For  analyses  that  required  the  highest 
accura<;y.  I.e.,  maintaining  the  accuracy  already  present,  equal-step  interpolation  must 
be  performed  at  a  Aac  equel  to  the  least  count  of  the  digitizing  machine.  Otherwise, 
peaks  will  be  missed  during  Interpolation.   However,  a  compromise  must  be  reached  because 
data  of  this  density  is  too  large  In  volume  to  handle.    The  compromise  must  consider  the 
fact  that  the  final  data,  in  order  to  portray  accurately  the  25  Hz  content  originally 

^J.  B.  Berrill  and  T.  C.  Hanks,  "High  Frequency  Amplitude  Errors  in  Digitized  Strong 
Notion  Accelerograms,"  in  "Analyses  of  Strong  Motion  Earthquake  Accelerograms",  Vol. 
IV,  Parts  Q,  R,  and  S,  Report  No.  EERL  74-104,  Calif.  Inst,  of  Tech.,  Pasadena, 
Calif.  (ig74) 
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seen,  must  be  at  a  density  that  offers  approximately  6  points  per  cycle*  and  therefore 
ISO  points  per  second.  The  2$  Kz  content  could  be  satisfactorily  represented  idth  SO 
points  per  second  only  If  each  tine  tlie  25  Hz  waves  appeared  they  were  always  In  phase 

with  each  other  and  their  peaks  occurred  at  multiples  of  0.02  sec.   This  of  course  Is 
never  the  case. 

If  2S  Hz  is  the  highest  frequency  that  can  be  seen  and  digitized,  the  digitization 
at  an  average  density  of  SO  points  per  second  will  contain  unacceptable  digitization 

noise  dt  frequencies  above  ^5  Hz  and  low-pass  filtering  at  25  Hz  is  called  for.  Main- 
tenance of  a  final  data  density  of  150  points  per  second  is  still  required. 

The  oonproiRlse  betMeen  data  density  and  the  accuracy  of  peak  values  leads  to  sone 
conftelon  when  oonparlsons  are  made^  between  the  maxlnwm  acceleration  of  a  record  when 
scaled  off  the  original  (or  off  the  raw  digitized  data)  and  the  maximum  acceleration 
after  correction.   If  the  correction  procedures  have  required  interpolation  at  a  density 
with  Ax  greater  than  the  least  count  of  the  machine*  then  it  Is  probable  that  this 
scaled  peak  will  be  lost,  and  a  lower  peak  value  will  result.  As  an  example,  with 
records  containing  12-16  Hz  components,  whose  peak  accelerations  occur  in  this  frequency 
range*  corrected  data  with      »  o.02  sec  have  had  peak  values  in  the  range  of  0.75  to 
0.3  of  the  uncorrected  peek  values. 

High  Frequency  Considerations  for  Machine  Digitizing 

Various  other  possibilities  of  selecting  points  are  available  and  in  use  on  sone 

digitizing  systens.  Although  the  cross-hair  Is  moved  by  hand  along  the  trace  In  question* 

the  autonatic  relaying  of  points  Into  sone  storage  device  can  take  the  form  of  a  set 

number  of  points  transferred  each  an  in  the  X-direction  (I.e.,  Ax  >  or  A't  kept  constant) 

or  a  set  number  of  points  transferred  each  second  of  real  tine  (in  which  case  Ax  or  At 

depends  on  the  speed  of  the  operator  following  the  trace). 

Totally  automatic  digitizing  can  be  of  two  principle  types.  The  first  consists  of 

autoisatlcally  scanning  the  entire  recorded  film  and  measuring  the  greyness  at  each  matrix 

element  location*  followed  by  conputer  analysis  to  recover  the  traces.  The  second  consists 

^  "Struncj  Motion  Earthquake  Accelerograms,"  Index  Volune,  Report  No.  EERL  76^02* 
Calif,  inst.  of  Tech..  Pasadena*  Calif.  (1976) 
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of  automatically  following  a  particular  trace  having  been  given  a  starting  position,  and 
recording  X  and  Y  coordinates  according  to  sone  fixed  procedure. 

In  all  of  these  cases,  the  procedure  can  be  conpared  with  the  description  In  the 
previous  section  on  hand  digitizing  and  appropriate  measures  taken  to  Insure  that  the 

quality  of  the  high  frequenc;y  content  remaining  in  a  record  is  accurately  known. 

LONG  PERIOD  JWALYSIS 

The  baseline  correction  procedure  of  the  Caltech  standard  data  processing  project 
removes  from  the  accelerogram  all  Fourier  components  with  periods  longer  than  an  upper 
period  limit  chosen  on  the  basis  of  careful  tests.  For  the  particular  equipment  used  at 
Caltech.  and  for  the  typical  records  used  In  the  project*  namely  with  sensitivities  of  7 
to  14  cm/g  and  with  record  speeds  of  the  order  of  1  cm/sec,  this  upper  limit  was  aoout 
14  seconds.  A  filter  was  developed  with  a  cut-off  period  of  14  sec  and  roll-off  term- 
ination at  20  sec  -  the  corresponding  frequencies  are  0.07  and  0.05  Hz.  Subsequent 
Investigations  confirmed  that  for  this  t^lcal  Caltech  data  the  errors  In  the  14  or  16 
second  coiqponents  could  be  up  to  4  cni  of  displacement,  while  errors  in  the  3  second 
components  were  of  the  order  of  1  en  of  displacement.^  Shorter  periods  had  correspon- 
dingly smaller  errors.  These  displacement  errors  were  apparent  irrespective  of  the 
acceleration  amplitudes,  which  for  most  of  the  records  in  the  project  were  relatively 
high  -  the  selection  of  the  records  had  been  originally  made  on  the  basis  of  peak 
accelerations  being  greater  than  O.lg.  It  has  recently  becone  clear  that  for  records  of 
low  acceleration  anplltudes*  or  of  accelerations  of  large  aiq»11tudes  but  corresponding 
to  small  displacement  pulses  as  in  records  close  in  to  small  shocks,  or  In  short  records, 
some  further  adjustment  of  the  long  period  limit  is  required. 

Short  Records 

Recent  experience  with  records  shorter  than  approximately  60  sec  has  shown  that  the 

upper  limit  for  long  periods  must  be  selected  with  due  consideration  to  record  length. 

It  Is  not  advisable  to  assume  that  a  satisfactory  quantitative  measure  of  the  Fourier 

^T.  C.  Hanks,  "Strong  Ground  Motion  of  the  San  Fernando,  California,  Earthquake: 
Ground  Displacements,"  Bull.  Seis.  Soc.  America.  65.  !•  p.  193  (1975) 


lV-25 


Digilized  by  Google 


components  vrith  periods  longer  than  1/4  or  1/3  of  the  total  record  length  can  be  obtained 
from  any  record.   Consequently,  for  records  shorter  than  60  sec,  revised  cut-off  and 
roll -off  termination  periods  must  be  used.  A  suitable  choice  has  been  found  to  be  the 
restriction  of  periods  retained  In  the  corrected  data  to  15  seconds  or  1/4  of  the  record 

length,  whichever  is  smaller. 

Records  HIth  Small  Displacements 
Treatment  of  the  long  period  limits  In  this  case  Is  rather  obvious,  after  a  few 
trials  are  run  on  any  particular  record.    The  long  period  limit  must  be  chosen  so  that 
the  errors  in  the  displacement  at  this  long  period  are  negligible  when  compared  to  the 
actual  displacements  expected  when  the  accelerogram  is  Integrated  twice.   For  an  8  cm/g 
sensitivity,  use  can  be  made  of  a  table  such  as  the  following  In  order  to  estimate  the 
longest  period  to  retain: 

longest  period  retained  (sec)  16    8  4       2  I 

Expected  errors  In  displacement  (cm)    4    1     .25    .06  .01$ 
The  required  ground  displacements  from  a  filtered  accelerogram  should  be,  say,  10  times 
these  expected  errors  in  order  that  the  displaceoients  retain  an  acceptable  signal  to 
noise  ratio.  Adjustments  to  these  figures  cen  be  made  for  Instruments  with  different 
sensitivities,  and  recorder  speeds  different  ftrom  1  cm/sec,  and  further  adjustments  of 
the  long  period  limit  can  subsequently  be  made  If  desired  in  order  that  resulting 
displacements  compare  favorably,  in  amplitude  and  frequency  content  with  actual 
displacements  predicted  on  the  basis  of  seismological  studies. 

CONCLUSIONS 

This  paper  has  discussed  the  areas  In  which  it  is  appropriate  to  make  some  changes 
in  the  standard  data  processing  of  strong^motlon  earthquake  records.   Included  have  been 
the  following  conclusions; 

Hand  digitization  of  records,  (trace  following  by  hand,  and  points  selected  individ- 
ually), in  which  the  highest  frequency  capable  of  being  examined  and  digitized  is  25  Hz, 
should  be  accompanied  by  computer  analyses  which  treat  the  data  at  a  density  of  ISO 
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points  per  second.   Careful  considerations  along  similar  lines  must  be  given  to  any 
digitization  that  is  more  automted. 

The  long  period  llnHt  for  corrected  deta  must.  In  generel,  be  reduced  for  accelero- 
grans  that  are  shorter  than  .60  sec,  for  accelerograms  that  have  short  duration,  high 

amplitude  pulses,  corresponding  to  small  displacement  pulses,  and  for  accelerograms  with 
generally  low  amplitudes. 
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ON  A  METHOD  FOR  SYNTHESIZING  THE  ARTIFICIAL  EARTHQUAKE  WAVES 
BY  USING  THE  PREDICTION  ERROR  FILTER 
Kelichi  Ohtani  and  Shigeo  Kinoshita 
Hfttioiial  Maeaxofa  cantar  foe  Dlaaatar  Praivantlon,  Selanea  ft  Tachnology  Agency 

ABSIEMiCT 

Several  methods  for  synthesizing  the  artificial  earthquake  waves  have  been  reported 
toz  the  purpose  of  dynamic  analysis  and  e£u:thquake-resistant  design  o£  structures.     In  the 

present  report,  tha  autbors  discuss  a  method  fey  using  "the  prediction  error  filter,"  in 
which  thara  are  lass  matfiers  of  the  zaqnirad  pazanaters  tiian  those  in  other  aethods  and 
•l«o  these  paraaet^a  aze  nor*  aaaily  aatiokatad.    ihia  method  is  baaed  on  the  linear 
prediotlon  model  fox  the  earthqnake  wve  in  the  time  domain.   Therefore,  parameters  by 
vhioh  the  j^Kdlotlon  error  filter  is  oonatnxited  are  oonputed  from  the  seqoenoe  of  co- 
variance  Mtrieee  that  reipresent  the  cbaraoteristles  of  eartliqaake  waves  in  tlie  tine 
doBiain. 

AS  ooopared  with  the  methode  using  the  finite  Fourier  expanaion  hy  hazmonio  functionaf 
thia  narthod  uses  the  finite  Fourier  es^panslon  by  unoorrelated  random  variables  r  and  the 
filtMf  is  designed  in  the  time  domain.   AlaOr  the  nuidMr  of  terms  of  this  expansion  is 
automatleaXly  determined  by  using  "An  information  Criterion"  (AIC)  pressed  by  Akaike. 
me  relationship  introduced  by  the  authors  £or  synthesizing  correlated  multi-dimensional 
wavea  show  an  example  of  synthesis  by  using  an  observed  stzoi^-motion  accelerogram. 

XEyiiQRD6«   Aocelerogrami  artifioisl  earthquake r  oovarianeei  filtert  finite  Fourier  expensioni 
^edictlon  errori  random  varlahlesi  synttieslsi  wave 
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JLMTROIXICTION 


Nathenatieal  proeeaMS  of  the  slnulatlon  of  various  random  phenomena  have  growijig 

applications.    In  the  field  of  earthquake  engineering,  the  simulation  for  strong-motion 
earthquake  waves  provides  a  valid  starting  point  for  the  dynamic  analysis  and  the  earth- 
quake-resistant design  of  structures  in  seismic  regions,  and  also  in  playing  an  important 
role  in  the  shaking  table  tests.     Accordingly,    several  methods  for  synthesizing  artificial 
waves  have  been  already  reported   (1).     The  present  report  discusses  a  simple  method  for 
synthesizing  artificial  waves  by  using  the  prediction  error  filter,  in  which  required 
parameters  are  fewer  than  tliose  in  other  methods  and  also  they  are  easily  estimated.  The 
suggestion  that  the  application  of  prediction  error  filter  to  earthquake  wave  would  be 
efficient  was  made  in  two  references  (2,3). 

In  tha  authors'  nethod  by  using  the  prediction  error  filter,  a  filtered  white  noise 
aodel  is  used  toe  ganeratlng  the  artificial  eartttquate  waves  as  shown  in  fig.  1.  The 
procedure  is  to  use  the  digital  conputttr  for  generating  a  randott  nuaber,  to  mltiply  this 
hy  a  gain  function  (i.e. »  a  function  of  the  covarlanoe  matrix  of  final  prediction  error) , 
and  then  to  pees  the  resultant  sequence  through  a  linear  filter  (i.e.,  the  prediction 
error  filter  vlth  the  sequence  of  oovarianae  matrices  of  a  given  earthquake  wave) .  Matrices 
F<n,n)(  B(nrl),  in  which  ni>l, ...,Pf  are  referred  to  as  the  filter  parameters,  and  are 
required  in  order  to  design  this  filter  end  to  describe  the  characteristics  of  the  filter. 
Also,  the  covarlanoe  matrix  S  (p)  of  final  prediction  error  Is  required  in  order  to  describe 
the  characteristics  of  input  for  the  filter,    ihe  induction  of  those  matrices  and  the 
ooostruetion  of  the  i^Mdiotlon  error  filter  are  discussed  in  sections  2  and  3,  respectively. 

Generally,  there  are  two  difficulties  associated  with  the  simulation  of  earthquake 
waves.    One  is  that  the  two  horizontal  components  and  the  vertical  component  of  observed 
earthquake  waves  are  not  statistically  independent.     However,  this  difficulty  is  probably 
out  of  the  question  in  this  method,  because  correlations  between  these  components  are 
taken  into  account  by  designing  the  filter  from  the  sequence  of  covariance  matrices.  The 
other  difficulty  is  the  nonstationarity  of  observed  earthquake  waves,  especially  because 
this  method  is  based  on  a  theory  of  stationary  stochastic  process.     Assuming  the  frequency 
stationarity ,  the  amplitude  nonstationarity  is  induced  by  passing  the  input  random  number 
through  the  time-dependant  function  of  covariance  matrix  of  prediction  error,  i.e.,  a 

shape  function  in  matrix  form.    On  the  other  hand,  the  simulation  of  the  frequency  nonsta- 
tlcoarity  is  difficult.    Putting  the  filter  parameters  as  time-dependent  matrices,  the 
nonstationarity  r^resentaticn  of  frequency  characteristics  is  theoretioally  possible. 
But,  generally,  tlie  tha  tiM  oometenfe  of  prediction  error  filter  oonpoaed  from  Observed 
earthquake  waves  Is  so  large  that  the  simulated  waves  can  not  run  after  the  variatlOD  of 
the  original  waves*    However,  a  simulation  of  one  dlmmsional  nonstationary  process  hy 
using  the  prediction  error  filter  and  tiie  Kalman  filtering  tedmique  was  reported  in 
reference  2«    In  the  present  report,  tdie  object  of  the  author's  stu^,  i.e.,  the  simulation 
of  multi-dlmensioaal  artificial  earthquake  wave,  is  bound  within  the  stationary  csase. 


niDDcnoir  or  fixobr  pammhirs  and  oomsiuRB  maioz  or  pmdicxiok  brrdr 


When  a  linear  subspace  M(q)  is  given,  the  forward  prediction  of  X(k)  can  be  defined 
as  the  projection  of  x(lc)  on  this  subspace.    Then,  the  forward  prediction  of  X(k), 

_  q 

X(ki0  -   £   P(q,a)X<k-a)  (2.1) 

is  estimtvd  by  solving  ttm  so-CMtllisd  focwanl  Yttls-^talksr  sqaations. 

q 

S[{x(fc>^   £  F (q,B)X(k-iO )z*  (k-n) J 

q 

«  R(li)  -    Z  P(«,b)R<i»-b> 

■  0,  nmlf.. tti  (2.2) 

Preaxction,  matrices  Fiq,n},  where  n»l,...,q,  in  £q.   (2.1)  are  the  solution  of  the  above 
simultaneous  equations.    Also,  the  formrd  prediotion  srror  ist 

x(k>q}»X(k)-X{kfq)  (3.3) 

SilOlarly,  tb*  kscksmrd  peadiction  of  X(k-(9t-l)), 

«  q 

X  (fc-  (qfl)  iq)  •  £  B  (q,a}X  (k-n)  (2.4) 
n^l 

the  bBdGMsrd  Tule^alker  aquations* 

q 

B({X(k-(q+l)-    £  B(q,iii)X(k-B)  }x'  (k-n)  ] 

q 

-  R(p-(q+iy-    L  B(q,ia)R(n-m) 

»-l 

-  0,  n>l, . . .  ,q  (2.S) 
and  ths  back— rd  prediction  error 

X  <k-  (qfl)  t  q)-«  (k-  (qf  1) )  -X(k-  (q+l)  iq)  (2.6) 

are  oMained  as  eocxespending  to  (2.1),  (2.2)  and  (3.3)  in  the  forward  prediction  sohSMSf 
respectively. 

rurthermorc,  the  forward  Yule-Walker  equations  with  regard  to  the  svdaepace  N(q+1)  are 
partitioned  into  the  following  relations # 
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q+1 

R(n)  -    Z  F(q+l,m)R(n-m) 
Vil 


q 

>  R(n}  -    I  F(q+l,m)R(n-m)-F(q-»-l,q-M)R(n<-(q-fl)> 


(2.7) 


ProB  (2.2),  (2.5)  and  (2.7),  we  have 


q  q  q 

{  E    F(q,v)R(n-v))-{  I    F(qfl,B)R(n^))-P(9fl,Cl4>l){  I    B(q,n}lt(n<-«) ) 
=  0,  n>l,...,q+l  (2.8) 

i.e., 

P {q*Un} 4 (q,n) -P  (gfl 1)B  (q,«) ,        . . .  ,q  (2.9) 

AnalogouBly,  following  xolationa  axe  obtalnad  In  the  heckwexd  ■efaanet 

B(4«-l,ntfl)-8(q,w}-B(q4-l,I}P(q,«),  ap<l,...,q  (2.10) 

As  shown  In  the  next  section,  the  prediction  error  filter  is  constructed  by  using  matrices 
{F(q+l,q+l),  B(q+l,l),  q~0,...,p-l}  which  appeared  in  relations  {2.9)  and  (2.10).  That 
is,  these  matrices  are  required  to  construct  the  filter  and  are  referred  to  as  the  filter 
parameters.    The  filter  parameters  are  computed  by  using  the  recursive  formulae  which  are 
due  to  Whittle  (4) . 

The  stochastic  characteristics  of  input  for  this  filter  is  governed  by  the  covariance 
matrix  S_(p)  of  the  final  prediction  error  x(k;p) .    Although  the  final  prediction  error 
does  not  necessarily  beoome  a  white  noise,  in  qeneral  the  spectral  structure  of  this  error 
is  so  flat  that  the  white  noise  approxiiwtioo  for  this  error  is  possible  frow  engineering 
vioMpoints.    Therefore,  the  stoehastie  diaraetarlstiea  of  input  for  the  filter  is  governed 
by  S  (p) , 

S(p)-B[X(fc»p)X*()cfP)] 

^Hx(It)-i(k»p)}xMX)l 
P 

•  R(0)-    E   r(q,n)R<>n)  (2.U) 
n»l 
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Actually,  the  square  root  of  diagonal  component  of  matrix  £(p)  is  used  as  a  qain  function 
in  the  direction  corresponding  to  the  diagonal  component.    Analogously,  the  covariance 
■Atrlx  of  background  prediction  arxor  is  confuted.    Especially,  th«  covarianca  of  forward 
pradictiofk  arror  and  that  of  baekMard  ona  ara  aquivalant  in  ona  dinansional  caaa. 

OONSTRUCTION  OP  PRB>ICTXOM  EmOR  PILISR 

In  this  section,  we  will  consider  the  construction  of  the  prediction  error  filter. 
As  the  prediction  «»rror  filter  is  ba.sed  on  the  wave  natchiiiy  in  the  time  domain,  the 
filter  is  constructed  by  using  the  filter  parameters  induced  in  the  foregoing  section  arid 
the  delay  operator  D. 

Firvtt  tba  followiim  notatlona  axa  dafinad  as  follcwat 

F(n,0)*-I,  BCnpn^-D-i-i,  wl, ...,p 

^  using  thasa  notatlona  and  tha  dalay  oparatoe  (2.1)  and  (2.4)  become  (3.1)  and  (3.2) 
raapaetively. 


X(kiq)—   ?  F{q,n)D"x{W  (3.1) 

n»0 

q+1 

X(Jt-{q+l)iq)»-   Z   B(q,n>D"x(k)  (3.2) 


From  (2.9),  (2.10),  (3.1)  and  (3.2),  we  have  the  following  two  relations. 


X(ki9fl)—   I  F{qfl,n)D"x(k} 
n-0 


— P  (q*-l 1 0) ■♦■    Z    ir (q,n) -F (9i-l,q+l)  b {q,n)  }d''+F (qfl, q+1) D***^ J X (k) 
1^1 


-X(k}q)-F(9«-l,q^l>x(k-(qfl)»q)  (3.3) 
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«t-3 

5(kr{q»2),«fl)—    Z  B(q+l»iljD"St(k) 
n-l 


q 

— D(B(q*l,l)-    I  {B{q,i»)-B(q*l,l)P(q,li)}D%D'**lX(k) 


^lX(k-(q«-l)iq)-B<q4'l,l)X(kiq>I  (3.4) 
ufaere  X  (kf  0) H (k)  and  X <fe>li 0)  HUC (k) -X(k-l) . 

Eaploylng  Eqs.  (3.3)  and  C3.4)  recursively  from  q^O  to  <F^-1,  tbrae-dlinenslonal  prediction 
«nrar  filtw  is  coiwtraetad  as  ^bama  In  Fig.  3.    m  this  ti/gvarm,  the  diagonid  oonponent  o£ 
fUtar  Faraaetera  rapxaaanta  tha  oharactariatloa  of  tha  corresponding  dlxaction  and  tha 
off-diagonal  ooa  raxweaanta  tha  degrae  of  oorralatioo  batman  tha  two  ooraaponding  diraotlona. 

yUBflOBMCT  CKMttCISillSTICS  OP  VRBDICTlOlt  BRROR  FIUBR 

The  more  the  filter's  order  increases,  the  more  the  spectral  structure  of  tha  original 
iwva  la  afaaoEbad  into  tha  flltwr.    In  tha  final  order  p,  tha  filtar  1mm  t3ia  ipactral 
anvalopa  of  tiim  mrlglna].  nawa  aa  tha  charaetariatl^  of  tha  flltar.   Tha  ranalning  spactral 
f ina  atmetura  la  tha  fraqnaney  cduuraetariatics  of  tha  final  j^eadlction  actor  X<kip)  • 
Maaaly,  If  tha  final  oxdar  p  la  datanalnad  aa  aui6h»  tfaa  final  piradietioa  arror  baoonaa  a 
whita  noiaa»  and  than  a  idilta  nolsa  wltJi  ths  oovarlanoa  matrix  Sip)  eonld  ba  uaad  as  tflM 
input  of  tha  flltar  In  ma  atodhaatie  nodal. 

Tha  antoragrasalva  spactrtan  astination  proeadura  is  nsad  in  ocdar  to  raprasant  tha 
fraviancy  charaetarlstlcs  of  the  flltar.   Focwazd  prediction  aatrloaSf  l.a.«  ragrassloa 
natrioaa  F(p,n),  whara  n^lr>..fPf  ara  obtainad  fxoB  tha  filtar  paranatars  by  nsing  (2.9} 
and  (2.10}.    From  thaaa.Mtrloas  and  tha  oo^axlanca  natrlx  of  tha  final  pradlotion  arxoK« 
tha  apactral  envelope  of  the  original  wava,  l.a.r  tfaa  apactral  danaity  matrix  P(g)r  la 
aatimatad  in  tha  folloifing  foroi  (5) 

P(g)  -  |j  A'^(8)S(p)tA«(«)l"\  |g|<ii  (4.1) 

where 

p 

A(z)  -  I  -    E    F(p,n)z~",  z-exp(ig)  (4.2) 
1^1 

Iha  raaonanoa  frequaney  and  thm  damping  ooaf f ieiant  of  saeh  vibration  mods  appaarad 
in  avary  diraetlon  ooaponants  are  ooivvted  by  solving  ths  algebraic  aquation  A(a)"0  in 
one-dimansional  caaa.    In  tha  oomplax  s  plain*  tha  fraqMsmcy  ra^ponaa  fmietion  of  tha 
second  ordsr  system  has 
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By  the  trans formation  z>e]9(sT)>ei^  (ig) ,  (4.3)  becomes  (6) 


H  iz)=K    exp(-h  U  T)-;;  ^7  IT  (4.4) 

n  n 

z  -«99{(-h  w  +itD  /Ch^)*r}  (4.5) 


n  n     n  n 


sin((i)  /1-h  T) 

K  ;    2"  (4.6) 

n  n 


AcooEdiiigly#  th*  transfer  funetlon  of  this  systm  has 

|h  (B)|^-B_U)H 


n  n 


<  — =i  zr  <^-^> 

n        n  n  H 

In  tlM  actual  ground  notlonf  eaeb  of  the  direction  coaponenta  of  naopgdad  wave  has  the 

apaotral  danal^  function  having  the  paeodoct  of  this  type  of  transfer  function.  Tbere- 

fore.  taking  out  the  factor  of  fourth  order  such  as  (4.7)  from  tbt  panex  ^ectrun  densi^ 

f iiinetion»  the  reaonanoe  frequency  and  the  daaiping  coefficient  of  eadb  vitaration  node  are 

eoBipated.    In     one  diiMnaional  ease,  the  roota  of  the  characteristic  equation  A(8}«0  are 

denoted  with  s  ,  npl»...«p.    Then*  (4.1) 
n 


P(g) 


s(p) 


2tr    n    ll-s^^a  |2 


(-l)**S{p) 


P  -1 
2tr    n    2*(a~s  )(a-s*  ^ 
,    n      n  n 

n-1 


(4.8) 
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Tharttfora,  if  tha  soot*  of  A(s)"0  ar*  £  and  a*,  tha  factor  of  fourth  ordar  audi  aa  (4*7) 

n  n 

ia  axtraotad.    Namly,  vhan  A(a)  ia  daeongpoaad  with  tha  factor  of  aaoond  ordar  and  that  of 
first  order«  tha  raaooaaee  freqoency  and  the  daaplng  coeffieimt  of  eadh  vibration  node 
are  oontpttted  by  ualng  the  relation  (4.5)  and  the  root  of  the  faotor  of  aaoond  ordar. 
Solving  tha  diaraetaristie  aqjoatlon  A(s)-0*  the  Balrafcmr's  netliod  1«  eonvanlent  In  tha 
mataxio  oooiptttatlon.    In  this  tMthod*  the  resonance  frequency  Is  exactly  estinated*  but 
the  stability  and  the  estlnation  of  the  danplng  coefficient  are  not  eapected  to  be  aa 
aoourata  as  the  eatlaation  of  tha  raaooanea  fraguaney. 

MATHEMATICAZ.  MEANINGS  OF  PREDICTION  ERBOR  FILTER 

By  repeated  application  of  (3. 3) ,  «a  have 

x(k>-«actO) 

P 

=   I   P(q,q)X(k-q2q-l}'hX(kip)  (5.1) 

This  is  a  baaic  aquation  of  the  prediction  error  filter.    In  this  sectlao#  a  Mt^Mnatical 
■aaning  of  thia  equation  is  di«M«asad. 

By  applying  the  Gran-Schmldt  orthonormaliaatioo  process  to  a  sequence  of  X(k-n) , 
n*lt..*fP  and  finally  X(k}«  an  orthonoxBal  aequence  is  ditained.    The  first  p  orthonomal 
randoB  variables  ere 


X(k-n;n-l) 

V(n)  ■  r,  n»l,...,p,  (5.2) 

I |x(k-ntn^l) I r 

where 

X(fc-nin^l)-X<k-A)~X(k-nin-l)  (5.3) 

n-1 

X(k~ntn>l)=   I    (X(k-n),V(n))V(n)  (5.4) 

m=l 

Before  the  final  step  of  the  Gram-Schmidt  orthononnalization  process  is  applied,  it  is 
necessary  to  find  the  following  relations.     Namely,  as  X(k;n-1)   is  the  projection  of  X{k) 
on  the  n-1  dimensional  subspace  M(n-l)  spanned  by  the  se<iuence  of  X(k-in),  ni=i,...,n-l  and 
X(kjn-l)  ia  the  orthogonal  component  of  X(k)  to  this  subspace,  we  have  the  following 
relations. 
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n-1 

X(k,ii-1)-    Z  (X(k),V(«))V(B), 
w-1 


i.e. , 


(X(k|n-1)  ,V(m)  )-0,  m^tv,  ...,p 


(5.5) 


X  (k ;  n-1) -X  (k) -X  (ki  n-l) , 


i.e.* 


X(k|i»-l),V(«})-0* 


(5.6) 


Applying  the  final  step  of  the  Grem-sctaiidt  octhonocMliMtion  praoeee  to  X(k)  *  a  xeletloD 
is  obtained^ 


x(k)-x(kfp)-w(ktp> 


-    Z  (X(k),V(n))V(n)+X(k;p) 
nKl 


(5.7) 


By  using  (5.6),  this  relation  is  ei^anded  as  follows: 


X(k)  •  £  <(X(k)-X(kinpl)),V(n»V(n)-i>X(k7p) 
iiP>l 


p     (X  (kj  n-1)  ,X  (Jt-n;  n-1)  ) 

-   E   5  X<k-nfn-l)+X<kip> 


nPl  ||xik-niii-l)|r 


(5.S) 


ihis  «qpressioti  is  idMi'  finite  Fourier  e^pansien  of  X{k}  by  aa  uneorrelated  seqptenee  of 
vector  valued  random  varlahles  X(kriifa-l) ,  n^l, . . .  ,p  and  X(k;p) . 

In  one-'diimnsional  case,  the  norm  of  X(k-n;n-l}  and  that  of  X(k}n-1)  are  equal,  i.e.t 
the  covariance  of  x(k-n;n-l)  «und  that  of  X(k;n-1)  are  equal.    Then*  Fourier  coefficients 
are  equivalent  to  partial  correlation  coefficients^  i.e., 

(X(k;n-1) ,X{k-njn-l)) 

r(n)  .  (5.9) 

I  |x(kin-l}  i  |x<k-Btn-l)  1 1 
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Vhat  ls»  rCn}4(n,n)  ia  tte  partial  oocralation  of  Xtk)  ana  X(k-n)  aftar  tha  affaet  of 
X(k^«  i^lf*.«fn-l  has  baan  raworad  by  ragraaalon.   Alao*  Ctam  (5.9)  and  Sdiaartx 
Inaqinall^f  tha  abaoluta  valua  of  r(n)  ia  laaa  than  ona  and  thia  ia  tha  atabllity  condition 
of  tha  ptradlction  aneor  filtar  in  onaHliiMnaienal  eaae. 

MOMERICM.  BSMFLB 

Wa  firat  eonaidac  bow  to  dataznlaa  tiia  final  ordar  p  of  tha  pvadiction  error  filtar. 
In  ordar  to  datamlna  tha  order  p,  tha  *ftn  information  Criterion"  (aic)  proposed  by  Jdcaika 
ia  used  (7).    lha  AIC  is  a  criterion  for  obtaining  tbm  iwxiwuni  in^izwatlcn  about  tha  die* 
tribotion  of  futvire  value  obtained  froa  the  nndel.   the  degrees  of  freedon  for  the  «odel*B 
paraneter  ia  detemined  by  using  tha  AIC.    In  tills  ease*  a  second  order  process  with  xwo 
■aan  ia  treated.   Thereferet  an  identical  Gansslan  proceas  is  oonaidered.   Th«nf  the  AiC 
ia 

AIC  (n)-ll*ln[det{s<n)  }]42M^n  (6.1) 

nhere  N  is  the  nodber  of  dinsnsion  (8) .    The  ordar  p  ia  tha  value  of  n  for  ahi^  the 
AIC(n)  is  adnlmized. 

As  £ui  original  record  for  simulation^  we  used  the  strong-motion  accelerogram  at  the 
Golden  Gate  Park  site  of  San  Francisco  earthqviake  (1957.3.22).    A  nAinerical  cooqputation 
was  done  in  two-dimensional  case,  i.e.,       (k)  and       t*^'  which  represent  the  N-S  component 
and  the  u-D  one,  respectively.    We  eiqployed  300 sanples  with  20  n8ec(s>T)  fron  the  main 
port  of  accelerogram. 

Grasping  the  characteristics  of  this  part,  the  sanc^le  spectral  density  matrix  Kg) 
was  estimated  by  the  following  relation  (5) 

Kg)  "  2ra  '^'-^  ^^'^^ 

where  2(g)  ia  tha  aaaple  fiourier  tranaformi 
M 

Z(g)  "   Z   x(BlI)aiv(-ign)  (6>3) 
w*l 

As  the  spectral  density  mtrix  ia  a  .BermitSan  natriXf  the  contmta  are  represented  by  two 
diagonal  eonponantSf  and  tine  real  part  and  the  i—glnary  one  of  the  off-diagonal  conponant. 
Thtv  a«e  ti)aann  In  Fi^a.  3-«.'   Ia  thaea  Pigs.,  tiie  transverse  axis  is  expressed  in  g/(2lT) 
Ha*   MMng  these  four  vigs.r  rig*  i        coBgpnent)»  Vlg.  S  (oo-qpectriM)  and  Fig.  6 
(quadrature  speotrut)  show  the  distiaguitfied  apeotral  peaka.    But,  Fig.  4  (u-D  componant) 
shows  almost  flat  spectral  structure  so  that  the  difficulty  of  aloiulation  for  this  oaqponant 
is  expected. 

A  two-dimensional  prediction  error  filter  is  shown  in  Fig.   7.     The  final  order  p 
Which  was  computed  from  (6.1)  was  12  within  n->14.    Table  1  is  the  list  of  the  filter 
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pagaaafra  dbtalnad  by  uaiag  tha  xoenraiva  foamlaa  wblcih  axa  dua  to  Whittla.    iha  xala- 
tiona  f,  .(n)«b.  ,  (n),  f   .(ii}>b-  n'l,,..,p  are  found  fron  this  tabla.    In  one- 

A»X  1»A  3f3 

dioMuialODal  oaaa,  this  ralatlomailp  is  r(ii}»f,    (n)-^    (n),  n^l,...,p.    mtcoduelng  a 
nathenatical  nodal  of  mnlti-raflaotion  ^nP^^  thasa  paxaotttecs  r{n),  n»l,...,p  play  tha 
cola  of  caflaetloa  ooaffieiaots.   Tbs  off-dlagottsl  coaqponmits  of  Matrices  F(n,n)«  BCiifl)* 
n>l»...,p  ara  so  nail  oo^arad  with  unity  that  tha  dagxaa  of  ooxralation  batvasn  tMO 
diraetion  ooHiponants  is  not  conspicuous. 

Oorrasponding  to  tha  cciponents  of  tha  natrix  those  of  tiie  estinatad  spectral 

density  Matrix  P(g}  tibich  represents  the  diaracteristles  of  the  prediction  error  filter, 
ore  shown  in  Figs.  3  to  6.  As  a  whole,  the  BStrix  P(g)  envelopes  the  matrix  Kg).  But, 
the  final  order  p>12  is  SO  mall  that  the  ssgpsration  of  ^ectral  peaks  is  not  sufficient 
in  the  high  frequency  region. 

The  input  for  this  filter  is  synthesized  by  using  a  sequence  of  random  numbers  between 
zero  and  one,  i.e.,  e(n),  n=l,....     By  using  this  sequence,  two-dimensional  independent 
Gaussian  white  noise  with  zero  mean  and  one  varisuice  is  obtained  by  the  following  relations 
(9), 

u(n)  -  /21n(e(n)]  sin  (2ire  (n+1) ) ,  (6.4) 

v(a)  mJuaUMl  oes(2ire(n4-l»  (6.5) 

Taking  the  oovariance  natrix  8  (12)  into  oonsiderntion*  the  input  for  this  filter  is 

Xg(nip)  -  /tStta)}^  2V(n),  (6.6) 

£|(nip>  -  /{S (12)      j-{S{l2)  }^^^^(sa2)  yi^^^M  (6.7) 

+  {S(12))j  j{S(12)>^^^(nip) 

Fig.  8  shows  a  sample  of  synthesized  two-dimensional  wave  during  the  first  four  seconds. 
In  the  following  four  figures,   the  components  of  the  sample  spectral  density  matrix  of  the 
synthesized  wave  between  the  five  second  and  the  ten  second,  are  shown.    As  a  whole,  these 
components  envelope  the  characteristics  o£  the  corresponding  components  of  the  estinated 
spectral  density  matrix  P (g) . 

OOHdJDSZOM 

In  the  present  report  we  developed  a  method  for  syntheaizing  the  artificial  earth- 
quake waves.    The  method  uses  a  finite  Fourier  expemsion  by  uncorrelated  random  variables, 
while  the  other  methods  use  the  finite  Fourier  expansion  by  haXBOnic  functions.    As  an 
advantage  of  this  Mtliad,  tiie  characterlstios  of  the  strongHnotion  eert)iquafce  waves  ara 
represented  fay  a  sMller  naadwr  of  paraswtttw.   nierefmre,  ttiia  natliod  would  be  convnaient 
to  file  a  large  nusber  of  stxeng^ticn  records. 
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GLOSSARY  Gi*  SYMBOLS 

Tt    Sanpllng  tiaa 

H>   NiadMr  of  aanpla  pointa 

x(n*T),  n»l,...,N:    Saqnanoa  of  obaarvad  aocalaration  vactwa  which  ara  sawplliad  with 

tha  aao^plimg  tiva  T 

X-(n),  n^l,...,Hi    Saqoanoa  of  vaetor  valtiad  {Sauaalan  random  variablaa  with  aaro  naan 
M(q):    q-dimnaional  Unaar  sobapaoa  spannad  br  tbm  aaqoanoa  of  X(k«>n),  aFl,.**,q 
X(kiq)  I    Psojactlon  of  X(k)  on  M(q} 

X(kiq)He(k)-X(kiq)t    Pzadlctioa  arzor  of  X(k)  %ihicli  ia  orthogonal  to  K(q) 
B[  ]t    Bxpaotation  oparator 

X' :    Transpose  of  X 

p:    Final  order  of  the  prediction  error  filtar 

D:    Delay  operator}  d'^X (k) "X (k>n) 

I:     Unit  matrix 

R(n)  >=E  [X  (k)  X' (k-nj],  n=0,l,...:     Sequence  of  covarlance  matrices 

£(q) :    Covariance  matrix  of  the  prediction  error  2C(k;q) 

F  (p«  n) ,  OFl, . .  .pt    Fomard  pradietlon  natricaa 

B(p,a),  »^l,...,ps   Badwazd  pradietlon  mtrleaa 

P(n,n),  B(n,l)  n*l,...,pi    Pradietlon  arror  filtar  paranatara 

f.  .<n),  b.  .  (n)t    (},k)  oonponanta  of  F(a,n)  and  B(n,l),  raapaotivaly 

m    circular  fraquaaqir 
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g=a,'T:     Normalized  circular  frequenoy«  Isj*' 
P(g):    Spectral  density  matrix 
Z*s     Complex  conjugate  of  s 
A':    Adjoint  matrix  of  A 

(X,Y)-E[X'Y] :    Inner  product  of  X  and  Y 

( |xl  |-/(x,x) :   norm  of  X 

V(ii>#  ii^lr...»ps    SequsDM  of  orthonozHtl  wctor  valuad  random  variablos 
r(n)«  v^lfmips   Soqnanoo  of  partial  ooiralation  ooaffioionta 
Aic<  )t  An  lafomatlon  critarlon 
I  <9)  I    SaigplA  apeotral  dansi^  matrix 
s(9)  I    Saapla  Wonxime  tranafoKm 

{u(n}  t  v(n) }«  n^lf . . .  t    Saqoanoa  of  toto  dlmanaion  Oauaalan  vmotora  with  saro  maan 
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STATISTICAL  MnUfSIS  OP  STRONG-NOTION  AOCBUMTICN  BBCORDS 
Maaadtca  Oharikl,  Haad,  Earthquake  DLaaatar  Pravwiticni  Dlvialon 
Ibshio  Iwaaaki,  chlia£p  Grauind  Vibration  saetionf  Barttiqnafcft  Dlsastar  Pravantlon  Division 

Siastanu  Itakabayaahi*  Raaaareh  BngliMter 

Ken-iehi  Takida,  Research  Engineer 
All  of  the  Public  Works  Rassarch  Institute*  Ministry  of  Oonstruetion 

iBsrmcT 

This  paper  briefly  disensses  the  present  status  of  strong-sotion  observation  for 
engineering  strtwstures  in  Jspan*   Hextf  it  prsssnts  th»  results  of  ths  noltlple  regression 

analysis  of  301  strong-motion  aooeleration  records  to  evaluate  the  effeots  of  esrtiiqunke 
nagnitvide,  epicentral  distance  an&  subsoil  condition  on  characteristic  variables  of  ground 
accelerations  such  as  maximum  horizontal  acceleration,  time  duration  of  major  motion, 
ratio  of  vertical  to  horizontal  accelerations,   etc.     The  paper  also  shows  the  results  of  a 
quantification  analysis  of  average  response  accelerations  obtained  from  277-component 
horizontal  acceleration  records  to  clarify  the  effects  of  seismic  and  subsoil  conditions 
on  average  response  spectra. 

Froth  th«  analysis  performed,  empirical  formulas  which  can  statistically  estimate 
BsxiflMB  horisontal  acceleration,  duration  of  major  motion,  and  nunber  of  zero-crossing  in 
tsKBS  of  ssrtiiqaBke  asgnitude,  epiosntral  distanoe«  and  subsoil  oondition«  are  proposed, 
vreqaency  charactwristios  of  horisontal  Hotions  and  ratios  of  vertical  to  horisontal 
aoeelerations  are  evaluated  end  evwragad  d^ending  on  sidMoil  conditions.  Purthetnwer 
various  average  response  spoetrun  curves  for  n  linear  single-degree-ef-freedan  systsn  are 
proposed  in  tens  of  earthgsake  HMgnitnde»  epioentral  distBiiee«  and  subaoll  eonditlon. 

KEYWORDS:     Design;  earthquake  magnitude;  epicentral  distance;  Statistical  analysis} 
Strong-motion  acceleration  records. 
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In  establishing  reasonable  pcooedures  for  earthqioafce  resistant  design  of  structures, 
it  seesM  essential  to  properly  evaluate  cdiaraeteristics  of  ground  notions  and  structural 
behavior  during  strong  earthquakes.    A  number  of  strong  notim  accelerograj^s  are  installed 
at  various  engineering  structvures  and  on  their  neighboring  grounds  in  Japem  to  understand 
dynamic  properties  of  ground  motions  and  jstructural  responses.     The  strong-motion  observa- 
tion network  for  engineering  structures  in  this  country  has  |iroqressed  significantly 
after  experiencing  the  Niigata  Earthquake  of  1964  and  the  Tokachi-oki  Earthquake  of  1968. 
At  the  present  tine  more  than  i,000  sets  of  strong-motion  acce lerographs  are  equipped  at 
structures  and  on  grounds  near  the  structures,  and  many  meaningful  acceleration  records 
are  already  available.     Although  the  records  triggered  include  those  of  structural  responses, 
only  the  records  on  ground  surfaces  are  employed  in  the  present  analysis. 

Characteristic  veuriables  of  acceleration  records  and  response  spectral  accelerations 
of  a  linear  single-degree-of-f reedoai  ^sten  ooagpoted  from  ground  aoeelerations  are  statisti- 
cally Investigated.    Records  used  are  classified  into  four  groups*  depending  on  the  subsoil 
conditions  at  the  observation  atatlons,  fzon  rooky  ground  to  soft  alluvial  ground. 

Although  tiiere  will  be  a  nunber  of  factors  which  effect  characteristics  of  ground 
notions,  three  principal  factors  might  bei    earthquake  magnitude r  geographical  situation 
of  the  focal  area  of  a  concerned  earthqualce  related  to  the  structural  site,  and  subsoil 
condition  at  ths  site.    Accordingly,  in  this  studir*  characteristic  variables  of  ground 
accelerations  are  statistically  analysed  in  terms  of  these  three  factors.    It  is  ei^ected 
that  the  results  of  the  analysis  ,  trill  give  the  designer  invaluable  information  ulien  per- 
forming seismic  design  of  structures. 

The  study  shown  in  this  paper  was  performed  as  one  of  comprehensive  wo^  dene  in  the 
Aseismic  Technology  Development  Comnittee  established  at  the  Technology  Center  for  National 
Land  Development  with  a  commission  from  the  Public  works  Research  Institute.    The  results 
from  the  study  jure  utilized  as  basic  materials  in  standard  design  seismic  forces  and 
seismic  loads  of  "New  Criteria  of  FarthquaJce  Resistant  Design  (Draft),"  (1,2)  proposed  by 
the  Ministry  of  Construction  in  March,  1977. 

OBSERVATION  OP  STRONG-MOTION  BARXHQOAiaiS  AT  BN6IKEBRIMG  STMUCTURBS  IM  JAPAN 

In  Japan  the  observation  of  stroog-notion  earth<juake8  for  engineering  structures  was 
initiated  when  SMAC-type  accelerographs  were  developed  in  1953.    The  observation  network 
has  gradvjally  advanced  since  the  experiences  of  severe  structural  damaqes  due  to  the 
Niigata  Earthquake  of  1964  and  the  Tokachi-oki  Earthquake  of  1968.     As  of  March,  1976,  the 
total  ni.imber  of  SMAC  accelerographs  installed  on  various  structures  and  neighboring  grounds 
is  1048,  as  shown  in  Fig.  1  and  Tadale  1.     It  is  believed,  however,  that  additional  accelero- 
graphs are  needed  in  order  to  obtain  reliable  records  for  major  earthqujJces  which  might 
take  place  in  any  areas  of  ^lis  ooontry. 

At  the  present  time  ebout  one  third  of  tiie  Installed  accelerographs  are  on  the  ground 
surfaces,  and  the  rest  on  structures.    Pig.  1  illustrates  the  preeent  network  of  etxong- 
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motion  observation  for  various  structures.     These  instruments  are  generally  installed  by 
individual  organizations  such  as  governmental  agencies  and  private  coinpanies  which  are  in 
charge  of  construction  and  maintenance  o£  the  structures. 

xn  addi^io&  to  tiM  station*  «ltli  •txoag»aDtloii  acMlttKograplis,  thara  «ra  a  noabar  of 
■tatlofia  whara  alaotzoBagiiatic-type  aalangraptas  ara  aqulppad.    Noraovar*  dynanic  bdiaviox 
of  aubaoila  during  aagt^lq^aka»  la  also  baing  atudiad  ualng  dowihola  aalaimatars  at  savaral 
pointa  (soma  at  doptha  gxaatheir  than  100  m>  as  wall  as  using  standard  aaisnoneter  and  smc 
acoalerograBih  naaauraaMnts  on  tha  eurfaoa.    ihaaa  atudiaa  will  pcovida  partiaant  infornatlon 
for  astablitfilag  aaiamic  design  itathodelogy  of  aoginaaring  atxuctoxas. 

ftsowds  abtainad  from  thaaa  f iald  atit^  psocirana  hava  baan  publiahad  pariodically  by 
iastittttioos  oonoamad  (3) .    Haoorda  obtainad  at  port  and  harbor  atmoturaa  ara  digltisad* 
analyaad  and  publiahad  at  tha  Port  and  Barbour  nasaaroh  Inatituta.    Raoorda  triggarad  at 
higfaMay  bridgas,  tunaalaf  dans,  and  MriMMkMnt*  ara  pceoasaad  aainly  at  tha  PiA»lifl  Horks 
Aasearch  Instltttta.   Furthera»re#  rooords  at  building  structures  ara  treated  nostly  at  the 
Building  Research  Institute. 

Incidentally,  in  order  to  promote  the  strong-motion  observation  program  in  Japan,  the 
strong-Motion  Observation  Council  is  established  at  the  National  Research  Center  for 
Disaster  Prevention,  Science  and  Technology  Agency,  with  the  cooperation  of  universities, 
governmental  organizations,  public  corporations,  and  private  ccMupaneis.     The  council  has 
been  preparing  a  nationwide  strong-motion  observation  program,  and  also  has  been  pxibllshing 
important  acceleration  records  collected  from  all  field  studies  covering  the  above-mentioned 
structures  and  others. 

MIKLYSIS  or  AOCEXSnTIOH  RBCXXRDB 

A  statistical  analysis  of  measured  acceleration  records  was  attempted  to  quantitatively 
express  characteristic  variables  of  ground  motions  as  functions  of  seismic  conditions  and 
subsoil  properties  at  the  observation  point.    Records  analyzed  were  extracted  from  the 
pidriLieations  iasoad  by  tha  Earthquake  Baseardi  Institute  of  the  Oniveraity  of  Vokyo,  tha 
Vatienal  Baseareh  Oantar  fox  Disaster  Prevention  of  soienoe  and  Taohnology  agency.  Port 
and  Barbour  Reaeaxch  Inatituta  of  the  Ministry  of  nrsa^ortf  tha  Public  Works  Keseardi 
Institute  of  tiie  Miniatry  of  Oonetruetion^  and  the  Railway  Technical  Raaearch  Institute  of 
the  Jiq^anese  national  Railways* 

Ihe  preaant  analysis  enployed  those  records  which  were  obtained  during  earthquakes 
with  the  Rioter  negnitude  of  5.0  or  hi^piar  and  tha  hypQcmitral  depth  of  60  kn  or  slwllcwerr 
and  also  ttioae  reoorda  which  include  at  least  one  record  with  tha  naxiaun  aeoeleration  of 
SO  gals  or  higher  fbr  an  earthquake*   Reootds  with  tha  naiciatn  aeoeleration  less  than  10 
gala  were  excluded.    The  total  nualMr  of  the  reoorda  used  is  301  (the  nunber  of  ocnponents 
treated  is  3  x  301  -  903)  for  51  earthquakes. 

Factors  considered  in  the  analysis  are  as  follows: 

(1)  Seismic  properties:     Richter  magnitude  M,  epicentral  distance  L  ikm) 

(2)  Subsoil  conditions:     Observation  stations  are  classified  into  the  following  four 
groups  depending  on  subsoil  conditions,  with  reference  to  the  stipulation  in  "Specifica- 
tions for  Earthqueike  Resistant  Design  of  Highway  Bridges,"  Japan  Road  Association  (5,6). 
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1st  Qxotapt  Hook 
2ad  Qeov^t  DllwrivB 

3rd  Groqpt   AlIUTiw  (Except  tlw  4th  Group) 
4th  Gcoupt    Soft  MluvltiR 
Tha  tefinitleo  of  this  cUaslflcation  is  aasaribad  in  Table  2. 
(3)   Charaeturlstia  variabla*  of  aeoalaratloa  raoordst 

(a)    Absolut*  w»«lwMi  horiaoDtal  aooolsration  (larger  value  of  tm  perpendicular 
herieental  MtlonsH  ^^Cgala) 


(b)    Period  of  vibration  about  Htm  tine  ebeu  aooaleration  beooDws  B_.^*  T|^(eec) 


(c)  Duration  of  Bajor  notion*  T^(aec) 

(4)  Ratio  of  vertical  to  horiaontal  aeeelerations*  v«^^^^ 

(e)  Muaber  of  zero-crossing  during  the  time  interval  of  T  i  N 

(f>  Mean  period  of  vibration  doriag  the  tine  interval  of  T^i  V_*2S^/ii^ 

Hbm  detexalnation  of  the  above  eharaeteriatle  variables  are  illustrated  In  Fig.  2. 
Each  of  the  diaracterietie*  values  (eiqpressed  as  x  below)  was  assuasd  to  be  represented 
by  tbm  foUowing  two  tiypes  of  eMpcessionst 


type-li  X  -  aj^»10**l**»A*'l  (1) 
«ype-2t   X  •  a^  +  b^    c^A  (2) 

where  X  ■  characteristic  value  (namely,  H      ,  T  .  T^,  N  ,  and  T  ) 

max      ids  n 

M  '  eaurthquaXe  magnitude  on  the  Richter  scale 
A  =  eplcentral  distance  (km) 

*l'  ^'l'         *2'  ^2'  °2  "  constants  for  each  characteristic  value 
The  analysis  was  oondnoted  for  five  different  cases,  namely  four  groups  of  subsoil 
conditions  plus  the  average  suhsoil  conditions  including  the  entire  data.    In  determining 
the  expressions  for  H^^^,  only  eq.   (1)  was  investigated  and  the  terro  &  in  eq.  (1)  was 

substituted  by   (A+A^) ,  where        was  taken  as  0,   10,   20,   30  and  40  km. 

Table  3  indicates  the  distribution  of  301  records  used  in  the  analysis.    Table  4 

shows  formulated  regression  equations  and  correlation  coefficients.     These  are  obtained 

from  the  analysis  based  on  the  multiple  regression  analysis.     The  table  shows  the  results 

for  three  characteristic  values  H     «  T .  and  M  »  and  it  is  seen  that  multiple  correlation 

nax    a  a 

ooeffieiaBts  are  greater  than  0.5.  Since  oorrriation  ooeffieienta  for  eivreesioas  of 
Typ*~l  vure  generally  greater  than  ttose  for  vype>2*  the  rosults  for  only  vype-1  ««r« 
generally  greater  than  thoee  for  tSpe-2,  the  results  fbr  only  type-1  are  shown  in  the 


teble.   Although  the  oorrelation  ooeffioient  was  the  largest  in  the  cases  of  Ag*10  km 

the  five  cases  analysed  (Tdile  3)#  h      equations  in  sable  4  were  for  the  cases  of 


&g«0  for  eljqplieity.   Pigs.  3(A)  to  (B)  illustrate  the  esqpressions  Cor  H^.^  In  Vtti»  oases 


of  &q"0  aa  fonotions  of  M  and  L  for  the  four  groope  of  eiibaoil  eonditieae  and  the  average 
subsoils. 
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As  for  the  other  three  characteristic  values  T, ,  v  and  T  ,   the  multiple  correlation 

In 

coefficients  are  found  to  be  less  than  0.5.     This  means  that  there  is  no  distinct  relation 
among  th«se  values  and  M  and  A*    Vti^  tlwm  variaUes  the  nean  valuas  and  the  standard 
dsivlations  bz«  vvaluatsd*  and  are  listsd  In  nble  5. 

Ihs  nsults  of  tlw  analysis  doserllMd  above  nay  bs  suamaristtd  as  follows  t 

(1)  Ihs  wucinuBi  harlsoutftl  aeeeleration  (h     ),  th«  duration  of  aajor  notion  (t.)  ,  and  the 

max '  a 

nindMn;  of  sexo-crosslag  (n  )  can  be  approatlmately  eaqpressed  as  functions  of  earthqwke 
nagnitude  and  epleentxal  distance »  as  shown  in  Tabls  4. 

(2)  Xhe  niaxtiwin  horlsontsl  aoceleratioii  (H^^)  beoonMS  larger  as  the  earthquake  nagnitude 
(M)  incrsases  and  the  spicentral  distance  (A)  ^teoreases.   Ths  average  values  of 

fte  1N8  and  iWSO  Jim  axe  estlsttted  to  be  130»  270,  200  and  400  gals  for  rock,  dHuviiBn, 
alliiviun,  and  soft  alluviw*  respectively,    the  corresponding  values  of         for  IM 


and  A«100  km  axe  estimated  to  be  85,  150,  110  and  200  gals*    The  decrease  in  H 

max 

values  with  increase  in  the  epioentral  distance  is  not  considerable  for  xock  oooqpared 
with  the  othpr  three  ^^ubsoils. 

(3)     The  duration  of  major  motions   {T^)  defined  in  Fig.   2  becomes  greater  as  the  earthquake 

magnitude   (M)   increases  and  as  the  epicentral  distance   (A)   increases.     Fig.  4  (A)  and 

(B)   show  the  relation  between  A  and  T     for  M=8,   and  the  relation  between  M  and  T.  for 

d  d 

A-lOO  km,  respectively.     It  is  seen  from  those  results  that  the  duration  of  major 
motions  is  between  10  and  30  seconds  for  ground  motions  of  earthquakes  with  the 
Richter  magnitude  between  7  and  8  at  the  splcentral  distemce  of  100  kn. 


(4)  Vbe  relation  betMeem  the  witibm  of  sevo-erosslng  (m  )  and  the  iipicmtral  distance  (A) 
is  considerably  affected  fay  subsoil  conditions,   ifae  value  of  M  increases  with 
increase  In  A  for  harder  grounds  sudh  as  rocky  and  diluvial  soils.    For  softer  eoiis, 
it  seaos  that  N   is  affected  by  N,  but  not  by  A.    The  nusfaer  of  repetitions  of  Bsjoe 
■otions  (M),  which  can  be  approxiaately  H^/2,  is  30  to  100  for  various  subsoil  conditions. 

(5)  The  psrlod  of  vibration  about  the  tiae  of        occurxence,  T^,the  xatio  of  vextical 

to  hoxisontal  acceleration,  v,  and  the  nean  period  of  vibration  during  the  najor 

notion,  T  ,  are  not  clearly  related  with  M  and  A.    The  following  two  points,  however, 
n 

can  be  sew  fron  Tables  4  and  S. 


Ca)    The  mean  values  of  T,  and  T.  become  larger  as  the  subsoil  condition  becomes 

1  d 

softer.     This  tendency  is  obvious  for  soft  alluvial  soils.    The  ratio  of  to 

T    varies  from  1.20  to  1.26,  and  these  ratios  are  nearly  constant  irrespective 
m 

of  the  subsoil  conditions, 
(b)     The  moan  values  of  v  being  0.32  to  0.34  are  not  stronaly  affected  by  the  subsoil 
conditions.     Since  the  standard  deviation  is  in  the  range  of  0.15  to  0.21,  it 
may  be  reasonable  to  assume  that  the  vertical  acceleration  Is  equal  to  one-half 
of  tiie  horlsontsl  acceleration  fte  design  purposes.    Fig.  5  illustrates  sn 
exanple  of  tlie  relationship  between  A  and  v.    In  the  figure  the  nean  value  of  v 
Is  equal  to  0.32. 


! 

i 
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Hie  Port  and  Harbour  RescHurch  Instlttttef  tha  Ministry  of  TxtuspoKt  and  the  Public 
WoiTka  Raaearch  institute,  the  Ministry  of  Constnietioii  have  been  eondacting  response 
spectrum  analysis  for  major  ground  motiona  «l)talned  at  yorions  ground  conditions  during 
moderate  to  strong  earthquakes  (7,8).    The  present  analysis  discusses  the  results  of  the 

response  spectra  analysis  performed  at  the  two  Institutes  for  277  horizontal  components  of 
gro'inr?  notions,  which  were  triggered  during  68  earthquakes  with  the  Rlchtex  magnitude 
between  4.5  and  7.9  and  the  hypocentral  depth  of  60  km  or  shallower. 
Factors  considered  in  the  analysis  are  as  follows: 

(1)  Seismic  properties;    Earthquake  magnj.tude  on  the  Richter  scale  M,  and  epicentrsl 
distance  A  km. 

(2)  Subsoil  conditions  I    Observations  are  elaasified  Into  four«  in  the  ssas  sannar  as 
tbsy  were  in  the  pKevioos  saetion.    (Ssa  Vable  2  for  the  definition  of  the  olassif ioa- 
tion  of  aiibsoils.) 

(3)  Charaeteristie  variables  of  aoceleratien  records  and  their  response  spectral  values  t 

(a)  Maxiawst  horisontal  aeeeleration  (two  pecpendicular  coaponants  for  one  record)  t 

(b)  JUbsolute  reqponse  acoelerationt        (gals) ,  idiieh  is  eespittad  fren  digitised 
values  of  triggered  records  by  aasunlng  a  linear  viscously  dapped  siitgle-degree-of- 
freedoat  systan  vith  the  natural  periods  T  of  0.1,  O.IS,  0.2  ,  0.25,  0.3  ,  0.35  ,  0,4, 
0.5,  0.6,  0.7,  0.8,  0.9,  1,  1.5,  2,  2.5,  3,  and  4  seconds  snd  the  danpiag  ratio  h 
of  5«  of  critical. 

In  estiaating  S^^  and        the  analysis  assuBtes  the  followingt 

(i)    A  qxiantif ication  analysis  can  be  applied  to  the  estimation  of       in  terms 
of  sartbqpialce  magnitude  M,  epicentral  distance  A,  and  subsoil  conditions  S, 

by 


log^Q       =  C<M)      C  (A)  +  C(S}  (3) 


%(hare 


-  estiaated  value  of  6^^  (gala) 

C(ii),  C(&),  and  c(S)  -  weighting  fnnetions  depending  on  M,  A,  and  S, 
respectively. 

(ii)  A  quantification  analysis  can  be  also  applied  to  tiis  estiautien  of  in 
terns  of  the  three  factors  used  above  fey  assuning  an  ei^esssion, 

lo^lO*— «  ■  C  (M)  +  c«  (A)  +  C  (S) 
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where 


■  estimated  value  of  A  (gals) 

max 

C'  {M)»  C  (A) ,  C*  (S)  ■  weighting  functlona  d^andlng  f»  M,  A,  and  8, 

Clasilf leation  of  277-ooaponwit  r«eocds  Mnployad  la  th«  aiMlysls  is  ahonn  in  lablM  6 

and  7.    Magnitudes  M  in  the  tables  are  irregulavly  divided  into  five  groups  with  considered 
tion  of  the  scatter  in  tbs  data  used  and  also  convsnisncs  of  practical  t^pplication  of  the 
results . 

Table  8  shows  the  results  of  the  quantification  analysis  for  S^,  and  lists  the  ranges 
of  the  weighting  functions  C(M),  C(A),  and  C<S)   in  Eq.    (3).     The  table  also  gives  the 
multiple  correlation  coefficients  of  these  three  functions.     Furthermore,  Figs.  6  to  9 
illustrate  the  response  spectral  curves  (T  and  S    relation)  which  are  obtained  from  Table 

Pi 

8.    In  these  figures,  the  maximum  values  of  ground  acceleration  which  are  also 

sstinatsd  from  the  quantification  analysis  are  tabulated.    Fron  tltsss  two  types  of  infoma- 

tion,  tins  accslsration  wgnifioatlon  factor  B  (>  S^/A     )  can  bs  avaltiBtsd.    Hm  values  of 

A  max 


h      stKNni  hsra*  hosavsr*  aay  not  ba  usad  for  tfao  astiMation  of  tfaa  absolnta 

nax  '  '  ' 


boarlaontal  aooalaratloas  <a^^)  •  but  for  tha  estlaatlon  of  B#  thasa  valuss  aay  ba  usad. 
vor  aaUxating  h^^,  tha  rasults  dascribad  in  tha  pravious  saction  may  bs  asploysd. 

Osgrsas  of  tha  affaets  of  tha  tliraa  faetoxa  <K«  Lt  and  S)  on  ^  ara  shmm  in  Pig.  10, 
by  indieating  tUs  variation  of  tUs  rangas  of  C(M) ,  C(A) ,  ana  C(8)  with  T.   On  the  othar 
hand«  Fig.  11  shows  an  axanpla  of  fraqoancy  distribution  fbr  277  valuea  of  Sj^/s^  (tha 
ratio  of  raspcnsa  apactral  aocalaratlons  ooapatad  diraotly  froa  tha  aaasurad  raoorda  to 
those  estimated  by  tha  rasttlts  Of  tiM  quantification  analysis)  for  the  natural  period  of 
^0*6  seconds.    Shapes  of  frequency  distribution  of  S^/^^  'or  tha  other  natural  perioda 
ara  found  to  be  similar  to  that  of  Fig.  11. 

From  the  analysis  shown        above,  the  following  significant  points  can  be  made: 

(1)  Values  of       at  the  sane  epicentral  distance  increase  with  increeise  in  the  earthquake 
magnitude . 

(2)  Values  o£        for  the  sane  earthquake  magnitude  decrease  as  the  epicentral  distance 
becomes  smaller. 

(3)  AS  for  tiia  affaets  of  subsoil  oonditions  on  S^,  tha  affsct  on  rock  ground  is  oowidatsfcly 
diffsrant  from  these  on  the  otiwr  three  aobooiX  conditions.   Valuaa  of      fbr  rotdc 

are  is1  Tar  than  tiiosa  for  tha  othar  stibsoils,  axcept  fbr  tha  subsoils  with  tha 
natural  periods  shorter  than  0.3  seconds.   For  the  range  of  ccsfNuratively  longer 


periods,  the  values  of      tend  to  become  larger  toe  softer  subsoils. 

(4)  iha  ahapaa  of  V  vs.  8^^  curves  do  not  change  nucb  with  the  variatioas  of  M  and  A,  it 
la  supposed  frosi  Pigs.  6  to  9  ttiat  for  tha  range  of  longer  natural  perioda  the  values 
of  0  will  increase  aa  M  beoB«e>  greater,  and  as  A  baoosMS  longer. 

(5)  JMong  the  effects  of  the  three  factors^  earthqaake  nagnitude  IH=4.5  to  7.9),  epicentral 
distance  (A-6  to  405  km),  and  subsoil  condition  (rock  to  soft  alluvium),  the  effects 
of  M  ara  found  to  be  the  greatest  fbr  the  entire  range  of  natural  pericxaa.  The 
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•ffttots  of  Ik  are  oIom  to  tbomm  of  M  fox  tha  shoEtor  period  rango*  and  faoooM  Httll 
for  the  longer  period  range.  I9ie  effects  of  eubeoll  oonditien  are  aoall  in  coqparisen 
with  thoae  of  H  and  A  for  the  entire  puiod  range.  Thi«  My  be  reaaonable  £tom  tii* 
fact  tlia«  tbe  rangea  of  N  and  A  are  both  oonslderably  large.  It  Is  noted,  hcnmnt, 
that  for  the  range  of  the  periods  batmen  0.5  and  2  seaonds  the  effects  of  subsoils 
rather  great. 


(6)   Multiple  correlation  coefficients  in  the  qioantification  analysis  of  8^  vary  between 


0.53  and  0.72.   The  coefficients  generally  heccne  larger  as  the  natural  periods 
becoM  longer.    Multiple  correlation  coefficient  in  the  analysis         is  i^pproKlastsly 
0.6. 

<7)    Frequency  distribution  of  ^j^/Sj^  doss  not  vary  nuch  with  the  change  in  natural  periods. 


In  view  of  tills*  it  nay  be  possible  to  stochastically  assess  design  selsiaic  forces  in 

consideration  of  the  inportcmce  of  structures. 

The  results  described  so  far  are  for  the  case  of  the  damping  ratio  of  h"0.05  only. 
Values  of        for  damping  ratio  other  than  0.05  can  be  approximately  estimated  by  multiplying 
the  values  of       for  hFO.05  by       sho%m  in  Fig.  12,  which  axe  derived  from  the  previous 

investigation  (9,10). 

As  an  example  of  use  of  the  results  shown  above,   let  us  estimate  the  average  response 
of  a  structure  with  the  natural  period  of  T  =  0.35  seconds  and  the  damping  ratio  of  h  ■ 
0.1,  when  subjected  to  an  earthquake  with  the  Richtei  iiu»gnitude  of  H=7.5  to  7.9  and  the 
epicentrai  distance  of  A»=60  to  120  km.    From  Fig.  9(C)  and  Fig.  12, 


=       (T^O.35  sec.,  h-0.5)  x  (b-O.l) 

-  (200  «  308)  X  0.70  -  (156  .  240)  gals 

The  value  of       varies  depending  on  the  subsoil  conditions  at  the  site  of  the  structure* 
being  156  gals  for  rock*  211  gals  for  dilluvium,  240  gals  for  alluvium,  and  234  ^als  fOT 
soft  alluvium.     Response  accelerations  of  structures  with  different  dynamic  properties  can 
be  estimated  in  the  similar  way,  depending  on  the  earthquake  magnitudei  the  «gpicentral 

distance,  and  the  subsoil  condition. 

It  should  be  noted  that  in  the  above  analysis  the  structures  are  assumed  as  linear 
systems  with  viscous  dampings.    A  similar  analysis  for  nonlinear  structures  may  be  necessi- 
tated in  the  succeeding  steps. 

GOMCUOSIOMS 

The  following  remarks  may  he  made  as  the  conclusions  of  the  statistical  analyses  of 

strong  motion  records  measured  in  Japan. 

(1)  The  absolute  maximum  horizontal  acceleration,  the  duration  of  major  motions,  and  the 
nuBbar  of  sero-evessings  can  be  ^^picoidaately  aivalaated  aa  funetions  of  the  earth- 
quake nagnitute  and  the  epicentrai  distanoaf  and  tihe  stibsoil  conditions. 

(2)  Vhe  aean  value  of  tha  ratio  of  viartloal  to  horisoptal  accelerations  is  found  to  be 

around  1/3.    Vhe  ratio  aay  be  conservatively  tskui  as  1/2*  for  design  puxposes. 
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(3)     Response  spectral  cxirves,  by  which  structural  response  accelerations  can  be  estimated 
in  terms  of  earthquake  magnitude,  epicentral  distance,  and  subsoil  conditions,  are 
proposed. 

(4>    Among  the  three  factors,  the  earthquake  magnitude      the  epicentral  distance  A,  and 
the  subsoil  oondltioii  S*  which  affect  the  response  acceleration  of  a  structuze  during 
an  earthquake*  the  effects  of  K  are  found  to  be  the  greatest.   The  effects  of  A  are 
close  to  those  of  M  for  the  range  of  afhorter  natural  periods »  and  beoome  snaller  for 
the  range  of  longer  natural  periods.    The  effects  of  subsoil  conditions  are  coKpstti'- 
tively  snail  r  but  beocne  ocnparatively  large  for  the  range  of  natural  periods  between 
0.5  and  2  seconds.    It  is  ranarkable  that  response  accelerations  for  the  range  of  the 
natural  periods  between  0.5  and  2  seconds  beocne  larger  as  the  stAsoils  beocaie 
softer. 

(5)    1!he  results  preswted  in  this  paper  would  be  useful  in  evaluating  the  characteristics 
of  seisskic  forces  and  seisnie  loads  for  the  earthquake  resistant  design  of  structures. 
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Table  1    Nuabcr  of  Strong-Motion  Accelerographs  (SMAC'Type) 


<M  ftt  Mtreh,  1976) 


^^^^^   HitMg  of  A^cAlaMkMnftBha. 

^^^^^^^^^^ 

At  Stnetniaa 

On  Crounda 

Total 

liilUliv* 

424 

48 

472 

BlgliMy  IrlAtM 

89 

79 

168 

38 

$7 

95 

Iwrcc 

9 

91 

M 

T*l«pliaiic  Office* 

94 

0 

94 

27 

11 

38 

llttcl«ar  V»H«r  Plttnta 

21 

20 

41 

9 

10 

19 

1  fe 

Aft 

8tera««  TmrIu 

i 

4 

7 

Ocher&  (Tunnels,  Subways, 

}  If  f  1_  r  (•  ,  ,    et  c  .  ) 

5 

10 

local 

730 

318 

1.048 

^blc  2  Dtf inltioiw  of  Classification  of  Subsoil  Conditions 


Cieifory 

Daflnitlona 

Abbrevtatlen 

1 

(1)  Around  of        Tertiary  era  or  older  dafliwd 
a*  badrock  haraafeav  In  this  taUa 

(2)  Diluvial  layer  wttll  AtpCk  Iwa  ttas  10  aatWt 
above  bsdreck 

II 

(1)  Dtluwlal  layar  wlcli  4«pch  wtmttn  than  10 
aatara  abova  Mreck 

(2)  Alluvial  layar  witli  dapth  Icaa  tbm  10  aetara 
atova  badmck 

Diluvtua 
(Oil.) 

XIX 

Alluvial  layer  with  depth  less  ttvaa  2i  meters, 
^hleh  kaa  eoft  layer  witti  daytb  Imwm  than  9  aeteta 

Alluvlua 
(All.) 

IV 

Softer  than  the  above 

Soft 

a!  :'v-lum 

V JOI L  All.) 
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Tabl*  3.   ClMtificatlon  of  301  Rceerds  Analysed 


Epicmtral  Distance  &  (ka) 

Total 

M 

Condi tion 

20<A 

2<aA<60 

6(tf6<120 

120SA<200 

200SA 

Rock 

2 

3 

5 

5.0iM<6.0 

Oil, 

3 

12 

3 

18 

65 

All. 

4 

16 

5 

2 

2 

29 

Soft  All. 

2 

5 

7 

1 

15 

Kock 

3 

6 

3 

1 

— ^ 



6.0iM<6.5 

Oil. 

7 

8 

2 

1 

18 

81 

All. 

12 

13 

8 

1 

34 

Soft  All. 

3 

6 

6 

1 

16 

RDCil 

1 

2 

1 

A 

6.5SM<7.0 

Dll. 

1 

6 

6 

13 

62 

All. 

1 

5 

10 

10 

1 

27 

Soft  All. 

1 

4 

9 

18 

Rock 

1 

3 

4 

7.0&M<7.5 

DU. 

2 

12 

40 

All. 

2 

14 

16 

Soft  All. 

1 

1 

5 

7 

Rock 

1 

2 

3 

7.5^7.9 

Dil. 

3 

S 

11 

50 

All. 

2 

6 

16 

24 

Soft  All. 

1 

11 

12 

Totsl 

12 

69 

74 

64 

82 

301 

Note.  1)    Numbers  of  records  for  four  subsoil  conditions  are  29  for  rock,  74  for 
diluvium,  130  for  alluvium,  and  68  for  soft  alluvium. 
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Table  4    Regression  Equations  for  Hasx»  Id  «nd  Nz 


SMI 
CatidiciaA 

Vxrtial  Correlation 
OBtfflcimt 

Multiple 
Cocff ieienc 
r 

Ntgnitud* 

H 

Eplccntral 
Dtstaacf 
A 

1  Heck 

y  ^  .Ml.—   «aO.2071L.  a.-0.59B 

0.33 

-0.47 

U.4II 

1  

O.SO 

-0.90 

0.99 

i  

ihm     !  All. 

i 

mm                          s          «          4Ubfl.           A  ^K.^ 

C.47     1  -O.il 
1 

0.61 

j  Soft  AU. 

l^as  •  ••$  X  1«0.W»^  4-Bil7» 

 1  

0.«5     !  -0.72 

0.72 

'  Total 

0.51      ;  -0.62 

0.62 

1  Kock 

14  -  3.S9  >  10-*  X  100**6"x  60.589 

0.99     j  0.40 

0.89 

'  Dll. 

T«  ■  1.3?  X  l<r2  X  Mi»-2WMx  4"«*»> 

0.2*  0.20 

0.71 

L 

-         x  l(r*  X  lO'''***^  A"'-'** 

0.37     .  0.17 

.  Saft  All. 

1 

1                 A    VA^M*          A  *fe%4 

U  -  2.11  X  ir^  X  lO^'-WW'x  A^-^M 

0.2S  0.U 

0.52 

i 

Total 

Td  -  2.08  X  lOr'  X  10"'-''*'Sc  a"'"* 

0.3J     i  0.23 

1   

0.63 

K,  -  1.43  X  10-2  ,  loO.ilOM,  ii0.*44 

0.41      ■  0.22 

0.75 

1 

Ht  ■  *>2i  X  111*  X  10"*""  "x  i"-""' 

0.11 

0.3S 

0.66 

i  AU. 
1 

»l  -  «.2«  X  nr»  X  10«»*»»x  aO  M" 

0.3* 

0.02 

0.54 

1  8<tf  t  All. 

Ht  •  4-05  X  IflO'WWx  A""'"**' 

0.22 

-0.04 

0.29 

1  T«nl 

It  -  4.«B  X  MTl  X  lflP'»3M,  40.W5 

0.30 

0.12 

0.34 

Table  5.    ikverageo  and  Standard  Deviations 

of  Tx.  V,  and  Subsoil  In 


Swkaail  Caadlttaa 

Rock 

DlluviuB 

AlIuViuK 

S«(t 

AllwVflM 

Tl  (MC) 

0.}6 

0.4] 

0.4* 

0.75 

S.D. 

0.52 

o.» 

0.10 

0.42 

• 

Av«Ta|* 

0.34 

0.33 

0.34 

0.32 

S.D. 

O.IS 

O.IA 

o.ie 

o.a 

Ta  (sec) 

AMraga 

fl.30 

0.34 

0.31 

0.61 

CD. 

A.36 

0.13 

0.33 

0.33 

Tl/T. 

1.10 

1.M 

1.36 

1.33 

XaCai    1}    S.O.  •  Standard  DwUtlsn 
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Table  6.     Classification  of  277-Conponent  Records  for  th* 
li««poBs«  SpActrta  Analysis 


Magnitude 

Subsoil 

Eplccntral  Distance  A  (kn) 

Total 

M 

Condition 

O0&ti<120 

0/>A<  A 

Reek 

0 

♦ 

in 

lU 

4.S6H<S.4 

Dll. 

« 

10 

60 

All. 

1 9 

a 

a 

D 

30 

Soft  All. 

0 

Rock 

i 

0 

S.4CII<6. 1 

Oil. 

4 

* 

a 

48 

All. 

Z 

12 

0 

Soft  All. 

H 

2 

4 

1  A 

IQ 

Rock 

Jt 

4 

6 

XV 

6.UN<6.8 

Dll. 

4 

4 

z 

1  n 

102 

All. 

32 

22 

a 

8 

2 

DO 

Soft  All. 

6 

4 

2 

2 

1  A 
X<l 

Rock 

JL 

4 

z 

6.8tN<7.S 

Dil. 

2 

4 

2 

8 

29 

All. 

4 

4 

8 

Soft  AU. 

4 

4 

Rock 

2 

2 

4 

7.Stftt7.9 

Oil. 

6 

2 

8 

 ^  { 

38 

All. 

2 

6 

4 

2 

14 

Soft  All. 

2 

10 

12 

Total 

42 

92 

72 

S» 

32 

277 

Nota:    1)   VvDbars  of  coaponents  for  fotir  anbsoll  conditions  are  39  for  rock, 
52  for  diliivlttn,  140  for  aluviim,  and  46  for  soft  alluvium. 
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Table  7    Classification  of  27 7-Component  Rccordt  and 
Mean  Values  In  Each  Category 


Number 
of 

Oonponcnts 

Mean  Value 

Factor 

Category 

Peak 

Ground  Acc. 

Ar~  f  ea  1  s 

Magnitude 

M 

Eplcencral 
Distance 

I 

60 

66.0 

5.0 

31 

II 

5.4SI66.1 

48 

67.5 

5.6 

43 

Magnitude 
(H) 

m 

102 

63.6 



6.3 

'  

76 

IV 

6.8iM&7.5 

29 

58.1 

7.1 

194 

7.SSlti7.9 

38 

112.4 

7.7 

197 

1 

6SA<20ln 

42 

110.6 

5.J 

12 

* 

Eplcentral 
Distance 

(M 

20iA<C0lm 

92 

68.2 

5.8 

38 

m 

60i6<120kni 

59.1 

6.2 

83 

IV 

 1 

120i&<200kn 

 1 

39 

56.2 

7.0 

159 

200^»4031ai 

32 

71.3 

7.3 

271 

" 

Xock 

99 

59.9 

6.2 

87 

Subsoil 
Conditions 
(S) 

IX 

Dliuvliia 

52 

69.4 

6.2 

86 

Alluvlia 

140 

73.2 

6.1 

74 

IV 

Soft  Alluvivm 

46 

75.1 

6.4 

143 

Total 

- 

277 

70,9 

... 

90 
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Ti%,  1   StroBi  Motion  Obacrvstlon  fletwirlt  in  Japan  «•  of  March*  1976 
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Aaax:    MntiMflP  Aec«l*ratlon 


Ti 


Period  ntar  the  tlm 
when  iLi«»  occurs 

Duration  of  major  notion 
(<■  Iline  Interval  between 
the  Initial  time  and  the 
last  tine  vhen  A  Is 
equal  to  the  hslf  of 

Number  of  zero-crossing 
vithln  the  time  of  T4 
(ii>12  for  the  case  shown) 


Fig.  2    Definitions  of  TXi       and  Nz 
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(A)    Epicencral  Distance  versus  Duration  of  Major  Motion 
for  ttognltttde  of  8 

Pig.  4   Duration  of  Major  Motion  Defined  by  Pig.  2 
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«  Rock 
o  Oilttviom 
^  Alluvium 
X  Soft  Alluvium 


Magnitude 

(B)    Earthquake  Magnitude  versus  Duration  of 

Major  Motion  at  Eplcentral  Distance  of  100  Km 


Tig*  4   Duration  of  Kajor  Hbtion  Defined  by  Fig,  2 
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Fig. 7 (A) -(D)  Response  Spectrum  Curve*  for  Mtxlauni  X«sponBe  Accelerations  in 
(kse  of  6.1  &  M<  6.8 
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Fig. 8(A) ^(D)  Response  Spectrum  Curves  for  Maximum  Response  Accelerations  In 
case  of  6.8  S  M  <  7.5 
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Fig.  12    Effect  of  Damping  Ratio  (Ch)  on  |tetpoll«c  Spectrin 
Values  (Cb  -  1.0  when  h  -  0.05) 


RESEARCH  ON  DESIGN  EARTHQUAKE 


Makoto  Watabe 


Building  Research  Znatitiits 
Ministry  o£  Oonstxuoticn 


The  maximum  values  of  accelerations,  velocities  and  displac^nents  of  the  ground 
notions  due  to  earthquakes  are  first  discussed  utilizing  the  historical  data  as  well  as 
aooM  thaomtiaal  acproaohas.    Then,  duration  tine  and  the  deterministic  intensity  function 
of  tho  aooelerogzaDNi  are  introduced*    The  pradoninant  periods  and  spectral  abapaa  of  tlia 
stroog  aotion  acoalerograata  are  alao  reported.   Biatorleal  aartiiquaka  data  wwra  utillaad 
to  aBsesa  tba  earthquaka  rlaka  in  Japan*  Finally  the  aa^plaaation  of  proposed  "design 
eartliviaktt**  oondiides  this  report. 

XEyffORDSt    Design  earthquake;  deterministic  intensity  function;  historical  data;  maximum 
values;  randon  characteristics;  seisaic  aoning;  q>ectral  shapes^  theoretical 
analysis. 
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One  of  the  «8seiitiAl  factmre  for  aselenie  deeigns  of  etrvetnciee  le  to  eetineta  the 
inteneity  anS  chaxeetecietles  of  groand  Motions.   Mwmmfous  resoarch  on  thie  imttor  has 

b«en  carried  out  and  the  results  are  summarized  here.    Reoognlslng  tha^  seismic  waves  are 
initiated  Jt»y  irregular  slippage  along  faults  followed  by  numerous  randon  reflectionSf 
refractions,  and  attenuations  within  the  complex  ground  formations  through  which  they 

pass,  the  gtochastic  modelling  of  strong  ground  motions  is  a  realistic  form  which  can  be 
applied  in  practice.    Noting  the  above  fact.  Stochastic  quantities  are  induced  m  much  as 
possible  in  this  report. 

mXIlA  OF  BMaUQUftKB  chound  notiohs 

(1)  Evaluation  by  overturning  of  the  tombstones: 

Fig.  1  illustrates  the  relation  between  the  epicentral  distance   (km)  and  the  maximum 
acceleration  e?;t:i?nated  by  overturned  tombstones,  based  on  the  earthquake  data  with  the 
magnitudes  greater  than  7  since  1927  in  Japan.     According  to  this  figure,  the  maximum 
acceleration  may  exceed  the  value  of  0.4g  and  the  ypper  bound  of  the  maxiinum  acceleration 
at  ground  surface  appears  to  be  around  0.6g. 

(2)  Evaluation  by  the  records  of  the  strong  motion  seismographs: 

The  maximum  accelerations  measvured  by  the  strong  notion  accelerographs  on  the  hard 
svibBoil  layers  are  tabulated  in  Table  1.    In  Fig.  2,  the  relation  between  the  epicentral 
distanoas  and  the  velocity  valtias  ■aaaured  by  the  strong  ■otlon  salsnographs  are 

indioatsd  i*itl)  tbm  ptxtmmtiu  oC  the  «»gnitiide  <1} .    It  way  ba  notlosd  that  the  waxltmsw 
velocity  evar  reoordad  fay  the  aaisaograpbs  is  ^pproxiaataly  35  kinas  as  saan  in  Pig.  2. 

(3)  Bstiaatloa  of  qpper  bound  fron  the  critical  strain  level  of  tlie  rocks  <2)  i 

AssiMBing  the  critical  naxl—i  strain  of  the  fraotura  of  the  rodcs  (e   )  as  e  ■•10 

cr  er 


and  shear  wave  velocity  value  in  the  rock  CVs)  as  vs"3ki^sae.,  the  ■avlnna  velocity  value 
is  estimated  as  30  kines  by  the  following  eqoation. 


1i  ■  anplituda  of  seismic  nam  in  tains  of 
s  ■  coordinate  along  the  wave  paragpagatlcmf 
t  -  tine, 

*  ahear  wave  veloeity, 
e  -  strain 


From  the  above  estimation,  it  is  suggested  that  there  is  little  change  for  the  maxiinum 
valocity  to  exceed  the  value  of  30  kines. 
(4)    Proposal  by  Professor  K.  Xaiiait 

with  his  vast  eiverlenoe  on  earttainake  engineering,  tcofssser  Kaaai  profosed  the 
followiag  equation  for  the  relationship  between  tte  hypoosntral  distance  (x)  and  the 
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mwcliw—  v*looity  CV^^)  with  tlM  ■paxtmttmt  of  the  nagnltud*  of  th*  •axthquake  (3)« 

_  .J>,6m  -  (1.66  +  ^)  log  X  -  (0.631  + 
max     A«  X  X 

where        ^juMt  ~         maximum  velocity  on  the  surface  of  the  bed-rock  (kine) 
M       =  the  magnitude  of  the  earthquake 
X      ■  the  hypocentxal  distance  (km) 

Alao*  tha  'adiua  (D  Ion)  of  the  apherlcal  voluiie  within  which  hvpooentera  of  aftar-ahoeka 
of  tha  aaxthquaka  axiat  oan  be  a^reaaad  in  taxna  of  the  magnitude  (M)  followingLy  (4)  i 

Assuming  that  the  above  value  D  ia  tiia  depth  of  the  hypocantex  and  ttaing  Kanai*a 
aquationa  of  aiaziiaiA  valocity,  the  ralatioiiahip  batowaan  the  maxianw  valoeity  and  the 
apieentral  diatanoa  can  be  aiq^caaaad  as  illuatxatad  in  Fig.  3  with  the  paramatar  of  the 
magnitude.    The  intaraection  of  the  relevant  magnitude  line  and  the  dotted  line  indicate 
the  radium  (D  km)  in  the  above  aqpiation  or«  let  ua  aayr  the  depth  of  the  hypocenter.  Fig. 
3  auggeata  that  the  maxiaxaw  pcobable  velocity  value  will  never  exceed  the  value  of  60 
kinea. 

(5>    The  ratio  of  the  naxiaiam  acoalaration  to  the  maximum  velocltyt 

From  the  75  seta  of  the  strong  motion  aeoalerograma  and  the  oorreaponding  velocity 
reoorda  obtained  in  both  Japan  and  the  united  Stataaf  the  naan  value  of  these  ratios  ia 
9.95  in  horizontal  ooncwnenta  and  the  standard  deviation  of  those  ratios  is  1.7,  while  in 

the  vertical  component,  the  above  accelerograms  and  the  corresponding  velocity  records  do 
not  coincide  in  the  tine  domain.     However,  these  tnaxina  will  be  regarded  as  closely 
correlated  if  the  above  time  difference  of  the  peaks  is  limited  within  one  second.  Select- 
ing such  records,  the  nean  value  of  the  ratios  of  the  maximum  acceleration  to  the  maximum  ■ 
velocity  is  11.0  in  horizontal  components  and  the  standard  deviation  of  those  ratios  is 
1.8.     In  vertical  component,  the  mean  value  and  the  standard  deviation  of  those  ratios  are 
13.8  emd  1.7,  respectively.    Incidentally,  for  the  horizontal  components,  the  mean  value 
of  the  ratios  of  the  maximum  acceleration  to  the  corresponding  maxiwmi  digplaoamntt  is 
30.6  and  the  standard  deviation  of  those  ratios  is  3.3.    In  the  ease  of  vertical  oosponantf 
the  mean  value  and  the  standard  deviation  of  thoaa  ratios  are  18.0  and  1.9f  respectively. 
Uaing  the  same  materiala  including  vertical  coaponenta  as  well,  a  atochaatio  analysis  ia 
also  mad«  on  the  eroas-oorrelations  between  the  maximum  values  of  acceleration,  velocity, 
diflplaoeaient  and  flouanor'a  apeetral  intenaity  with  aero  and  0.2  dampinga.    The  results  are 
indicated  in  Table  2  from  which  it  may  be  auggeatad  that  "meaaurea"  to  represent  intensity 
of  ground  motions  such  aa  valuea  mentioned  above  are  extremely  croaa-oorrelated.  Therefore, 
the  choice  of  thaaa  *mmatwras*  oan  be  rather  ai^trary.    This  aiuilysis  also  provides 
linear  relations  between  these  maucima.    The  results  are  Indicated  in  Table  3,  and  suggest 
reaaonable  ratioa  between  two  valuea  of  maxima  soch  as  horizontal  and  vertical  acceleration. 
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vttloeity,  displ        nt  and  ipttctral  Intanaity.    tha  ratios  indloatad  In  Sabla  3  glva 
clOMr  v«lu#a  which  an  pcqpoMd  by  M.D*  Trifunac  and  h,  G*  Bra^  <S)  aa  follows, 

k^  -  5.99V„^-2 

A    -  9.97V  '-^^ 
V  V 

vhaM  A  and  V  r«pr«8«iit  naxinun  acceleration  and  volooityf  xeB>pectiv«l]r«  and  tho  suffixes 
H  and  ▼  reipzesmt  horisontal  and  vertical  conpoBwita»  respectively. 

RBIATIOMS  BETMEEN  BORIZONTXL  AND  VERTICAL  COMPOMEHTS  OF  EARTHQUAKE  GBOOMD  MOTIONS 

(1)  T!he  ratio  of  the  waitiMqw  aeceleration  in  vertical  eonponant  to  tiioae  in  the  oonceaqpand' 
ing  tMD  horiaontal  ocBponsntst 

From  the  sans  sets  of  the  strong  notion  acoelerograna  aantioned  previously  (5) , 
ratios  between  horiaontal  and  vertical  ceagcnents  are  ctatained.    It  night  be  reascMfttle  to 

associate  the  epicentral  distance  with  these  ratios  of  the  vertical  maximum  acceleraticos 
to  the  horizontal  accelerations.    The  results  suggest  that  the  shorter  the  epicentral 

distance  is,   the  larger  this  ratio  becomes.     This  ratio  of  the  maximum  acceleration  in 
vertical  component  to  those  in  the  corresponding  two  horizontal  components,  R(d) ,  can  be 
approxinated  as  follows, 

-0.0022(— 4-  300) 

R(d)  =  e 

where  it  is  the  epicentral  distance  in  kilCMters  and      is  the  unit  distance  of  the  kiloneters. 

(2)  sandoB  cAiaracteristics  of  the  accelerations  ratios  (horisontal  and  vertical  coapooents) . 
in  epite  of  the  above  reaultar  this  ratio  of  the  eaxiawm  aoceleeatien  in  vertical 

conponenta  to  those  in  the  corxe^pooiding  two  horiaontal  oonponents  fbllowa  the  eeq^lete 

characteristics  of  Gaussian  randan  process  as  nay  be  dbserved  in  Fig.  4,  in  which  the  prohe- 
bllity  distribution  of  variables  as  logarithms  of  the  above  ratio  are  plotted  with  solid 
lines  and  the  reference  pl6t8  (in  dotted  line)  of  true  Gaussian  distribution.    As  previously 
introduced.  Table  3  suggests  stochastically  reasonable  ratios  between  horizontal  and 
vertical  components  (diagonal  elements  in  Table  3) .     It  should  be  noted  that  the  ratio  of 
intensity  between  horizontal  and  vertical  components  is  rather  stable,  whatever  intensity 
scale  may  be  chosen  such  as  acceleration,  velocity,  displacement  or  spectral  intensity. 

OORATION  TIMB  AMD  BeiBRNZNISTXC  IIITBII8XTF  F|Rlt"i'XOll 

From  76  accelerograms  obtained  by  56  strong  motion  earthquakes  during  the  years 
between  1968  and  1971  in  Japan,  the  duration  time  <t)  of  accelerograms  determined  by  the 
engineering  judgment  can  be  expressed  in  terns  o£  the  toagnitude  of  the  earthquake  (M) , 
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M-2.5 
t  =  10  ^'^^  (sec.) 

AeoOEding  to  resMuroh  itork  on  length  (L»kni)  and  diaploomsnt  (Drin)  of  th*  actlvtt  faults, 
th»  following  zelationshlpa  are  known  (6), 

log  D-0.60  11-3.91       log  b-0.6  11-2.91  R-D/S 

wtwre  S  ■  average  displacement  velocity  (n/yeax) 
M  ■  magnitude  of  caused  earthquake 
R  *  pariod  of  earthgpiaka  occurrence  (year) . 

Nith  the  rupture  velocity  of  3  loq/sec.  along  the  fault ,  total  nature  duration  of  the 
earthquake  can  be  calculated  using  the  above  relation.    The  results  are  also  indicated  in 
Fig.  5. 

Figs.  6(a)  and  6(h)  are  tiie  detendjaistie  intrasity  functions  detexnined  from  the 
actual  acoeleEograns  by  smothing  the  oscillatory  irregular  waves.    If  a(t)  is  the  aceelero- 
grain»  C  (t>  is  the  detezainistic  intensity  funotim  and  a*  (t)  is  the  stationary  randan 
process  of  the  accelerogram,  a(t)  is  expressed  as, 

a(t)  »  e(t)  a*<t)        a'(t)  -  a(t)/C(t) 

Tf  real  Kit)  is  to  be  obtained,  a' (t)  must  satisfy  the  condition  of  the  stationary  random 
process  such  as  the  Gausslam  distribution  of  probability  and  run's  test.     Thus  true  ^(t) 
can  be  obtained  by  step-by-step  smoothing  techniques  t hrouqh  checking  the  stationary 
randoni  process  of  a'(t).     Figs.   6(a)  and  6(b)  suggest  the  deterministic  intensity  fvinction 
of  ideal  model  (7),  and  the  generalization  of  this  pattern  is  somewhat  controversial,  but 
desirable  from  an  engineering  point  of  view.    It  also  should  be  noted  that  the  deterministic 
intaneity  fimetlons  for  the  vertical  eo^ponents  are  not  identical  to  those  for  the  hori- 
sontal  oonponents  as  seen  in  Fig.  6.    Another  approach  to  obtain  the  pattern  of  detexninistic 
intensity  function  was  shown  by  J.  Penalen  and  T.  Kulio  (8). 

SPICSRU.  CHARACTERISTICS 
Spectral  shape  of  the  accelerograms  on  the  surface  of  the  bed-rock: 

The  transfer  function  to  transmit  the  seismic  wave  around  the  bed-rock  layers  might 
be  regarded  imifortn  in  frequency  domain,  i.e.,  the  spectral  shape  of  tlie  transfer  function 
is  "White."  The  spectral  shape  of  the  accGlerograns  on  the  surface  of  the  bed-rock  may  be 
subjected  to  the  influence  of  the  spectral  shape  of  source  mechanisms  and  the  surroundings 
of  the  hypocenters.  The  velocity  response  spectrum  Sv(T,h)  at  free  field  bed-rock  is 
asaiSMd  to  be  1^  fonction  of  aagnitude  M  and  typocentral  distance  x  in  addition  to  period 
T  and  damping  ratio  h, 

Sv(T,h)  -  lO****-" 
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Dsing  27  «co«l«K>gr«ns  oMaiiMd  at  frae  fiald  bed-rock*  ooafflclanta  a*  b  and  o  for  every 
period  of  speetruB  are  detarmiaed  by  leaat  aqoare  bub  teolmiqiiea.   The  results  are  shoim 
in  Pig.  7(a)  and  Fig.  7(b)  as  exnples.    It  cen  be  dearly  seen  in  Fig.  7(a)  that  higber 
f xeguenoy  oonpaoents  ere  predooiitiant  in  ce«po(iee  qpeotriM  for  snwller  Magnitude  while 
lover  frequenor  oaqpanents  are  predominant  in  re^onse  apectrun  for  larger  nagnitude.  By 
these  figures*  Fig.  7(a)  and  Pig.  7(b)*  any  response  ^eetra  at  free  field  bed-rook  can  be 
obtained. 

coacEBT  ae  principal  axes  of  tbe  accelerogkams 

In  this  p^per*  only  tlie  outline  of  the  concept  of  principal  axes  of  ground  notions  is 
introduced.    Details  are  explained  in  reference  9,   First*  3  oonponents  of  aceeletograns 
along  three  orthogonal  coordinate  axes  are  defined  through  the  relations* 


a,(t)  •  Ktt)  hlt)t  a„(t)  -  Kit)  by(t>*  a.(t)  •  Kit)  hit] 

where  b  (t)  *  b  (t)  and  b  (t)  are  stationary  randan  processes  and  Kit)  is  the  detezninistic 
intsnsi^  function  giving  appropriate  non^statiraarity  to  the  ground  antion  process.  If 


a  (t)*  a  (t)  and  a  (t)  are  considered  to  be  aero^nean  non-atationazy  random  processes*  the 
covarianee  f unotiona 


Bla^(t)a^(t+T)l  •  e(t)  C(t+T)  Btb^(t)b^(t+T)]        i*J  -  x,y,a 


where  E  denotes  ensemble  average,   it  can  be  used  to  characterize  the  ground  motion  process. 
Since  random  processes  b^(t),  by(t)  and  b^(t)  are  stationary,  all  ensemble  averages  on  the 
right  side  of  the  above  equation  are  independent  of  time  t;   therefore,  showing  dependence 
only  upon  the  time  difference  T.    Since  real  earthquake  accelero<jrams  demonstrate  a  very 
rapid  loss  in  correlation  with  increasing  values  of  llj,  the  influence  of  coordinate 
directions  on  the  covarianee  functions  can  be  investigated  by  considering  the  relations, 

B(a^(t)a^(t)]  -  Kit)h(b^{t)h^it}]        i,j  -  x.y.s 

Oaf  ining  covarianee  matrix  0  as 

6     B  ' 
XX   xy  xz 

B  -  0    e  e 

—        yx    yy  yz 
ax  Mif  as 

where  $^j4[bj^(t)b^(t)]*  the  total  covarianee  matrix  can  be  writtm  in  the  form  u(t)-i(t)^  ^. 

By  coordinate  transformation  of  a  (t) ,  a  (t)  and  a  (t)  along  new  three  orthoaonal  coordinate 

X  y  z 

axes*  the  covarianee  matrix  can  be  transformed  into  diagonal  elements  only,  that  is* 
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3^j»0j  i^j.     Such  new  axes  which  satisfy  the  above  conditions  are  defined  as  principal 

axes  where  no  cross-term  of  covariance  exists  and  3  variances  of  diagonal  elements  beooiM 

the  maximuiri,  minimum  and  intermediate.    Using  tne  deiined  orthogonal  transformation, 

prinoipal  axes  of  ground  notion  have  been  located  for  six  different  earthquakes.  Variances 

and  eovarlancas  of  Ut*  r«ooird«d  accalaratlons  a  (t),  a  (t)  and  a.(t)  along  tin  fSsfm 

X         y  z 


aooalerograph  um  x«  y  and  a  respectively,  wars  olvtalmad.    By  Mlaoting 
intatvals  ovar  tin  antlra  duratloii  of  notion  r  tha  ehangaa  In  diroetlon  of  principal 
with  tlm  can  ba  dbeckad.   Fig.  8  ahowa  tin  Iwrlacmtal  dlractieos  of  ona  principal  axia 
for  tha  abova  nantlonad  aix  aarthquakaa  ualng  auff lolantly  long  tine  intarvala  to  reaaonably 
atabilixa  tba  principal  ooordlnata  directions.    Vhe  oorreapondlng  variancea  are  indicated 
hr  arrow  lengtiis  applied  to  tin  radial  scale.    In  noat  cases  the  principal  axis  alioiin  In 
Fig.  8  is  the  najor  peineipal  axiai  hoMever,  in  aeon  oaaeSf  naually  for  intmnmla  near  the 
ends  of  the  notions  when  intensities  have  decreased  considerably*  the  naJor  principal  axis 
is  at  right  angles  to  the  directions  shovn.   Vhe  nlnor  principal  axis  la  in  each  case 
nearly  vertical.    When  averaging  over  the  entire  duration  of  notion  and  averaging  for  the 
six  earthquakes,  the  resulting  ratios  of  intermediate  and  minor  principal  variances  to  the 
major  principal  variance  are  approxinately  3/4  and  1/2,  respectively,  i.e., 

LI    22  avg 

'y  3/4  and  1/2.     Using  these  numerical  values  to  obtain  principal  QOVarlanceS* 

the  principal  cross-correlation  coefficients  beoone 

Pl3i  <^ir^33^^^^l"^'33>"°-"- 

Finally  it  is  suggested  that  the  potential  use  of  the  concept  of  principal  axes  to  eovlore 
physical  phenonenaf  auch  aa  tracing  the  center  of  energy  release*  ahould  be  inveatigated. 

SBISNXC  ZONING  IN  JJIPAN 

In  Japan*  hiatory  of  eartfaqpiakee  fron  the  ^tt^  century  vp  to  the  preaent  tine  extending 
over  1300  ymaxu  can  be  available.   The  total  xemb&t  of  destructive  earthfuakss  nitfli  nag- 
nitudes  nore  than  i  anonnt  to  €00.    Fig.  9  ahom  sptceatera  and  nagnitudes  of  earthquakes 
in  and  around  Japan  during  these  1300  years.    For  inatanae*  applying  Frofessor  Kanal'a 
equation*  Introduced  in  the  previous  section*  to  all  historioal  earthquakes*  frequency 
dietribution  at  a  apeeifie  aite*  f  (V^^)*  can  he  evaluated*  which  raj^aente  the  nuaber  of 
earthquafcaa  in  the  past  with  the  naxlmnw  velocity,  V^^*  at  this  agpeeifio  aite.   The  pcoba- 
bility  densilgr  function  for  tin  naxlnnn  velocity*  p(V^^)  *  can  be  efetained  as  fellows* 


where  T  is  the  length  of  historical  years  of  earthquake. 
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By  integration* 


^^^^  ^^^-na-^ 

probability  distribution  function  ^(V^^^       can  be  obtained,  which  represents  the  prob2ibility 

of  such  an  earthquake  whose  maximum  velocity,  at  this  specific  site,  is  larger  than  (V^^  ^) 

in  a  year.     Inverse  of  such  probability,   1/P (V  )   is  termed  as  "return  oeriod   (Tr) " 

rr.ax ,  0 

of  (V  ).     If  scane  specific  return  Tr  is  chosen,  say  200  years  (P (V        ^)=0.005),  then 

max,0  max,0 

the  corresponding   EV  )  can  be  evaluated.    Accordinq  to  Poisson's  distribution,  the 

max  ,0 

probability  P(t)  of  experiencing  the  ground  motions,  the  maximuin  velocity  of  which  exceeds 

(V        J  tl 
iaax,0 

evaluated. 


(V       .)  the  corresponding  return  period  Tr  during  the  lifetime  of  a  building  t,  can  be 
max,  u 


F<t)  -  1--^' 


Taking  V^Cr^.l,  P(t)  aqpiala  0.095.    Aaauming  tha  cAianea  of  axparienotng  nora  than  (v  ) 
aarthqpiaka  dorittg  ^  llfattaa  of  l>alUUitig  t  la  0.3*  tban  t/te  baoonaa  0.36.  Variona 
raaaarohara  paosoaad  aalaalelty  napa  in  Japan  acplylng  aiadlax  analyaaa  introduoad  bara. 
The  antira  nap  of  Japan  ia  divided  into  reotanglaa,  the  dinenalona  of  which  are  20*  In 
both  longitude  and  latitude.    Then  aavan  dlffemt  aeianleity  napa  of  Japan  (10*11*12*13) 
of  return  period  100  yeara  are  nomalised  to  aaaign  unity  (1.0)  for  the  rectangular  diviaioa 
of  the  waximiiB  value  in  eadt  nap.   Uaing  theae  neraallaed  aaqpa*  tha  naaa  value  of  theae 
aavan  different  napa*  tha  mean  value  plua  two  atandaxd  davlationa  of  thaaa  napa  and  the 
naxianiB  value  of  thaaa  a^a  in  aai6h  rectangular  division  are  obtained.   The  reaulta  are 
ahown  in  Fig.  10(a),  Fig.  10(b)  and  Fig.  10(c),  which  are  oonaidarad  to  be  the  acpxppKi&ta 
aaiamic  aening  ooefficiante  fox  aaaiamlc  dealgn  of  atructuraa. 

teSIGM  BhRIffQIMXB 

Mow  let  the  deviation  of  aatianting  Intanal^  of  ground  notiona  in  tenv  of  nagnitude 
and  Iqfpoeantral  distaoca  be  eooaidered.    Jipplying  tha  laaat  fit  method  to  aatiaata  intanaitiaa 

(for  instance,  naxlmxat  velocities)  in  terms  of  magnitudes  and  hypocentral  distances  of  75 
earthquakes,  coefficients  of  deviation  for  intensity  of  ground  motions  are  obtained.  0.8 
is  the  smallest  possible  value  for  the  coefficients  of  deviation  to  assess  the  intensity 
of  ground  motions  in  terms  of  given  magnitude  and  hypocentral  distance.     Some  Other  research 
paper  on  the  coefficient  of  deviation  also  suggests  the  slmileu:  value  (14) . 

SVMfARir 

(i)     As  for  the  maximum  velocity  value,  Fig.  3  might  be  regarded  reasonable,  considering 
the  results  of  critical  maximum  strain.     Also,   the  maximim  velocity  ever  recorded  is  35 
kines  as  seen  in  Fig.  2  and  the  upper  bound  area  in  Fig.  3  is  obtained  by  extrapolating 
the  values  actually  recorded.     It  is  quite  controversial  to  define  the  maximum  acceleration 
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value.     However,  in  a  stochastic  sense,  this  value  can  represent  a  reasonable  measure  for  the 
intensity  i^a-x omcter .    This  may  u.eaii  to  exclude  a  single  peak  value  of  the  acceleration 
with  frequency  higher  th^  20  Uz  for  the  stochastically  significant  value.    The  values 
indicated  in  Table  4  can  be  regarded  as  the  "mean  value  of  the  maxinun, **  therefore,  in 
aetual  earn*,  may  of  tin  wnrlww  valVM  nay  «xcMd  tii*  valwM  in  th«  ta]al«»  niiidi  Indioata 
the  yaluas  for  vertical  coavonents*  as  wall*  by  applying  linear  coofflcients  ahoim  la 
Table  3. 

(11)    Votal  duration  of  design  eartiiqvake  nay  be  oaleulated  by  the  equation  introduced 
in  Chapter  4,  in  teras  of  nagnitude  of  sarthquaks.   As  for  the  duration  of  the  stationary 
part  of  ground  motions  the  following  equation  %fas  dsrivsd  from  fault  lengtJi  of  rupture » 
with  assuiqptlon  of  nvtance  vsloci^  of  3  kai/sso.* 

t-10^-®»-3-3W.) 

where  N  is  the  magnitude  of  assuned  eairtAnjualce  and  t  is  the  duration  in  saoond  of  stationary 

part  which  can  be  applied  to  the  deterministic  intensity  function. 

(ill)  The  deterministic  intensity  function  for  design  earthquake  may  be  determined  by 
applying  an  Ideal  model  proposed  in  reference  7.     This  ideal  model  assunes  deterministic 
intensity  functions  which  increase  linearly  or  paraboiically  for  the  stationary  part  and 
then  decay  exponentially, 

(iv)    Fig.  7(a)  and  Fig.  7(b)  may  be  reconnended  as  response  spectra  of  design  earth- 
quake on  bed-rock. 

(▼)    The  concept  of  prinoipal  axes  nay  be  quite  useful  for  multi-dlasnsional  ground 
aotlona. 

{vl)    It  snst  be  fully  oonsidered  that  earthquake  ground  sotions  are  so  randon  natured 
that  they  are  net  to  be  pwnittad  to  give  aiqr  w^llelt  values  but  to  give  valuas  with  nsan 
and  deviation. 

Proposad  prooaduras  to  obtain  daaign  aarthqualeia  are  diseosssd  bslow. 
(1)    Tlaw  history  of  dssign  eartfaguakst 

a)     ftssune  Magnitude  and  hypoeentral  distance  and  then  calculate  the  waxiiiuw  velocity 

using  Kanal'a  aquation  and  the  aquation  for  radius  (D)  of  apherloal  volune. 
bl     Use  Table  3  to  obtain  meucimum  acceleration  and  ipectral  intensity  (81) «  both  in 

horizontal  and  vertical  directions. 

c)  Calculate  total  and  stationary  duration  of  the  assumed  earthquake  by  equations 
Introduced  in  sunnary  (ii) .    Then,  assune  an  ideal  aodel  of  deteministic  intensity 
if  necessary. 

d)  Determine  spectral  characteristics  using  Fig.   7(a)  or  Fig.   7 (bl   if  necessary. 

e)  Produce  accelerograms  either  through  simulated  earthquake  or  modification  of 
real  accelerograms  and  then  ested^lish  multi-diroensional  time  history  ground 
g»tions  if  necessary. 

f)  Principal  axes  aeeslerograaa  are  atrongly  recoonsnded  for  design  earthquake. 
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9)     Multiply  1.8    diiean  plus  1  standard  davlation)  to  aewlagograna  darlvad 

for  iaportant  atnictoro  and  2.6  (man  plus  2  standard  dsviatlaa)  for  vory  laportant 
stmetoros  or  vory  dangerous  struetnros. 

h)     If  the  time  histories  of  design  earthquake  on  the  ground  surface  is  nseessary, 
apply  oomwntional  or  non-linear  wave  propagation  techniques. 
(2)    Response  flpeotrtoi  toe  design  earthqaaket 

a)  Assone  a  "frl'iP'  possible  earthquake  groimd  notionf  for  instance  Bsgnitude  8  and 
hypoceatral  distance  50  km  and  then  by  Fig.  7(a)  or  Fig.  7(b)  establish  req)onse 
spectrwi  for  the  tmxSmm  possible  ground  notions. 

b)  fteoording  to  the  isportanoe  faotor  of  structure  #  choose  Fig.  10(a)    for  less 
inportant  struoturss  ,  Pig.  10(b)    for  goneral  structures  or*  Fig.  10(c)  for 
important  structvires  .    For  the  response  spectrum  in  sny  districts*  multiply 
seismic  zoning  coefficients  of  relevant  districts  to  the  revctise  ipectrum 
derived  in  (i)  as  the  maximum  possible  one. 

o)      Apply  linear  coefficients  indicated  in  Table  3  to  obtain  response  spectrum  for 

vertical  component  if  necessary, 
d)     Multiply  1.8  (mean  plus  1  standard  deviation}  to  the  spectral  values  in  (ii)  and  (iii) 

for  important  structures, 
a)      Amplification  spectrum  of  subsoil  layers  may  be  multiplied  for  the  design  response 

spectrum  on  the  ground  surface. 

BtBLlQCWtfaf 

(1)  Watabe,  M.  and  Kitagawa,  Y.,  1973,  Characteristics  of  Strong  Motion  Earthquake  Obtained 

in  Japan,  5th  U.J.N.R. 

(2)  Muramatsu,  I.  et  al.,  1963,  Observation  of  Micro -Ear thquake  in  Hino  District  in  Gifu 
Prefecture,  General  Japan  Journal  of  Phys.  of  the  Earth. 

(3)  Xanai,  K. ,  1966,  Improved  Empirical  Formula  for  Characteristics  of  Strong  Earthquake 
notions*  Froc*  Japan  Barthqpake  Sysqposiun*  (in  Japan) ,  pp.  1-4. 

(4)  Zida,  K. ,  1963*  A  Halation  of  Barthep»eke  BMcgy  to  Vsunami  Snergy  and  the  Istlmatlon 
of  the  Vertical  Pisplaemisnt  in  a  Taunami  Source,  Journal  of  Berth  Science  Hagoya 
Oniv.  Vtol.  11*  pp.  49-67. 

(5)  Trifunae»  M.  0. »  and  Brai^ir  A.  0. ,  1975«  On  the  Correlation  of  Seismic  Intensi^ 
Scales  with  the  Peaks  of  Iteocnrdsd  Strong  Ground  Notion*  B.S.S.A.  Vbl.  65*  139-162. 

(6)  Matsuda*  V.  i  1975,  wignitude  and  Recurrence  ntt«rv«l  of  Earthquakes  from  a  Fault* 

Sisliin  VM.  38*  pp.  26e-283. 

(7)  Jennings*  P.  C,  Housner,  G.  W. ,  and  Tsai,  N.  C*  April  1969,  Simulated  Earthquake 
Motions,  Earthquake  Engineering  Research  Laboratory,  California  Institute  of  Tech- 
nology, Pasadena. 

(8}    Penzien,  J.,  and  Kubo,  T. ,  1977  Characteristics  of  Three-Diiaensional  Gxound  MotiCBS 

Along  Principal  Axes,  San  Fernando  Earthquake,  WCEE. 
(9)     Penzien,  J.,  and  Watabe,  M. ,  1975,  Simulation  3-Diinensional  Earthquake  Ground  Motions, 
International  Journal  of  Earthqxiake  Engineering,  McGraw-Hill. 


Digrtized  by  Google 


(10)  Goto,  H. ,  and  Kameda,  H. ,  November  1968,  A  Statistical  Study  of  the  Maximum  Ground 
Motion  in  Strong  Earthquakes*  DobokugakJtai,  No.  159 

(11)  Takanashl,  K. ,  July  1974,  RlsK  Analysis  for  BarthqueUce,  Salgalkagaku-Kenkyu-kai 

(12)  Onotat  8,t  Md  NuraMtsu*  S.*  Aooalaxatlon  Bi^otancy  in  Japan  Dazivisd  fron  l^p-to- 
Omtm  Data. 

(13)  BBttori,  S.,  and  Kltagam,  Y.,  1974*  On  tha  Raglooal  Diatributioa  of  Sartllq^ako 
Danger  in  Japan*  Bull.  I.I.S.B.B*  vol.  112*  pp.  83-102. 

(14)  o*Bri«a*  L«  J* «  at  al.  *  Mreb  IVfi,  Tba  Oorralation  of  Vufc  Ground  Accelaratlon 
Mplituda  vith  Salnie  intaoaity  and  oomt  Pbjfije^l  Pacanatar**  ooaputar  solanoa 
Omcp(»atlon. 


IV-88 


uiyui^cu  by  Google 


Table  1  i  Max.  Aeealaration  hr  Strong  Motion 

Accelerographs  on  Hard  Subsoil 
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Table  2  x  Coheranee  taong  Measures  to  Represaait 
the  Intensity  of  Ground  Motions 


— T 

V 

0.0 

Sin  , 
0.2 

A 

l:.9u5 

0.841 

0.587 

0.830 

0.902 

V 

0,892 

0.876 

0.957 

0.986 

D 

0.739 

0.888 

0.702 

0.826 

0  .  770 

SIn.n 

0.815 

0.923 

0.786 

0^960 

JL2SLI 

0.960 

A  half  above  the  diagonal  i  Borisontal  and  horizontal 
A  half  below  the  diagonal  t  Vertical  and  vertical 
Diagonal  natrix  :  Horizontal  and  vertical 

A  t  Maximuin  acceleration    V  :  Maximum  velocity 
D  i  Maximum  displacement  SI  :  Housner's  intensity 

(K  1  Damping  ratio) 


Table  3  :  Linear  Kelations  Between  HsiriTnii 
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V 

0 

0.0 

Sift  , 
0.2 
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(0.532) 
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1.555 
(0.468) 

11.81 
(0.0710) 

4.290 
(0.181 

s^o.c 

1.551 
(0.511) 

0.157 
(5.821) 

0.0741 
(10.63) 

1.887 
(0.489) 

0.371 
(2.610 

"o.j 

4.  Sid 

(0.186) 

[2.03S) 

0.216 
(3.614) 

(0.334) 

"OSS' 

(0.435 

H  :  Horizontal  Components 
V  :  Vertical  Component 

A  half  above  the  diagonal  <  Borisontal  and  borisontal 
A  half  below  tha  diagonal  :  vertical  and.  vertical 

Dl'agonal  matrix  :  Horizontal  and  Vttrtieal 

X(row)  =  coef.  Y (column) 

Inside  parenthesis  ;  Y (column)  -  coef.  X(raw) 
assiVla  I  Jte  •  1.669  *  Av  -  8.701  Vb 
Av     0.S33  •  AH  -  9.921  Vv 
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Table  4  :  The  Mean  Metxinum  Values 


Horizontal 

Vertical 
within  20)an) 

Max  leration 

1  iOt'V  ■        Vi  ^      W  M  ^  ^  d  ^  A  W  1 

(gals) 

573 

356.8 

Max.  velocity 

(kines) 

55 

31.4 

Max.  displacement 
(cm) 

24.2 

17.1 

Spectral  intensity 
(cm)  h=0.2 

123.3 

67.0 

9 

0  8 


c 
.fi 


V 


0  2 


•  M>8 

•M«7 

c 

• 

• 

• 

— 5  

•• 

—  «  •»  ■ — 

 • — «••• 

o 

• 

• 

•  • 

• 

• 

10  100, .  , 

•picentral  distance  (km) 

Fig.-l  Max.  Acceleration  Estimated  by 

Overturning  of  Tombstones 


1000 


c 

0 


c 

o 

(A 

>. 
i3 

>i 

o  a 

>  g 

•  Ul 
K 

«  01 

£  VI 

rsi 
I 

•H 


IV-90 


•M         -04  -M    MM  M 


Fig. -4  Probability  Distribution  Fig. -5  Duration  and  Hagnitude  Proposed 

Plots  of  Variables  as  by  Vmriaam  HasMrdMCB 

Logarithn  of  Ratio  (Vertical 
VS.  Horizontal  Housner's 
Zntansl^  with  20%  Duiplag} 
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Pig.'Va  Velocity  Response  Spectrum  of  Ozound  Notions  at 
Hard-rock  due  to  EarthquaXe  with  Nagnittld*  6.0 
(Fraction  of  Critical  Oaaping  :  O.OS) 
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Flg.-Tb  Velocity  Response  Spectrum  of  Ground  Motions  at 
(iard-rocK  due  to  BartliqiMlM  Olf  SOkB  ftypoemtcAl 
Distance 

(Fraction  of  Critical  Daaping  t  0.05) 
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•nd  Around  Japan 
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DETERMINATION  OF  WAVE  PROPAGATION  VELOCITIES  IN 
SUBSURFACE  SOIL  LAYERS 

Yukltake  Shioi,  Chief,  Civil  Engineering  Section 
intwnaatianAl  Inttitate  of  SAiMology  end  Barthgaake  BBgineering 
Building  Rea«Mttdh  iMtitutef  MlAlstxy  o£  Oonstxuctlon 
TDshlo  IwKsaklf  Chief*  Qcoond  Vibratlan  Section 
Bartiiqiialc*  Diaaater  Ftavantlon  Division 
Poblle  Nocka  Saaeaxoh  Inatituta^  Mlnlatzy  of  Oanatxuetlon 

ABSTBACI 

Aotlvltlaa  of  the  Ocaadttaa  on  Earthquake  ctoervatlon  on  floil'-Strueture  interaction 
have  been  descriljed.   One  of  the  oonnitteo's  research  actlvltiea  la  the  reaeasrch  Involving 
the  eonstruetlon  of  a  model  struotnre#  soil  Invsstlgatlona,  ^rnanie  testa  and  analysis  of 
dynaale  aoil-structura  intwraotlon, 

Shis  pspair  dlaeussss  ths  rssults  of  fteced  vihration  testa  cooducted  on  a  mdsl 
structure  with  a  vibrator  which  generated  hamooio  wavaa.    Theae  waves  were  then  ooiipared 
with  the  Rayleigh  and  Love  wavea. 

KEYWOItOS:     Harmonic  wave;  Love  waves;  model  structure;  Rayleigh  waves;  soil-structure 
interaction;  vibrator. 
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INTIItXlDCTION 


It  is  caipirieally  and  tlMoratically  mil  known  tltat  tha  vltaratlon  of  structuras  on  the 
«»>una  fay  staeh  energy  as  an  earthquake  principally  deipends  on  the  pcoperties  of  the  super- 
ficial layer.    In  other  words  it  is  possible  to  presume  the  main  ground  motions  to  the 
structures  if  we  cam  relate  the  physical  properties  of  layers  to  the  variables  of  the 
vibratory  characteristics.    Substituting  the  superficial  waves  with  the  Rayleigh  and  Love 
waves,  we  have  attempted  to  obtain  the  values  of  coefficients  relevant        to  the  ground 
vibration  with  the  observed  records  of  the  harn-.onic  wave  propagation  qenerated  artificially 
on  a  small  surface  base.     Also,  the  characteristics  of  th.ese  data  were  examined.     As  a 
matter  of  fact,  we  took  meastfrcs  to  study  these  characteristics  on  the  propagation  waves 
by  means  of  a  high  frequency  vibrator  based  on  the  surface. 

This  test  was  a  part  of  the  forced  vibration  tests  conducted  under  the  direction  of 
the  Oounittec  on  Eartliquake  observation  on  Soil-Structurs  Intazaction  presided  fay  Fxof  essor 
Yttteka  Oaaua  at  the  Tokyo  univereil^  in  a  cooq^rehensive  reseerch  project  for  the  Establish- 
nent  of  Mew  Aseisnic  Design  Itethod.   This  testing  method  is  sonsMhat  siadlar  to  the  nethods 
oBipIoyed  by  Jeukelon*  Foster  and  Fry  at  the  Hatenmys  Es^erimnt  Station  (1) . 

we  expect  that  the  acemulated  results  from  these  vifaratory  tests  aay  serve  as  en 
exploratory  calculatim  SMtfaod  on  the  gxomid  novenent  under  various  conditions  of  aseisaiic 
design  of  underground  structures  and»  of  oountenseasures  against  the  vibration  fay  eircttla" 
titins,  etc. 

ACTIVITIES  OF  THE  COMMITTEE  ON  EARTHQUAKE  OBSERVATION  ON  SOIL-STRUCTUBE  INTERACTION  (4) 

Tho  research  tfasSM  oonnancad  sines  the  fiscal  year  of  1974.    During  the  past  second 
year  tiie  Technology  Center  toe  national  Land  Developnent  established  a  ocnmittaee  on  earth- 
quake observation  on  soil-structure  interaction  (Chaimant    Professor  Vutaka  Osatta) ,  under 
the  authority  of  the  Building  Kesearch  Institute,  Klnistry  of  Construction.    The  cosed-ttee 
atteeipted  to  aake  a  research  plan  covering  all  the  necessary  stages  f6r  the  future. 

In  the  fiscal  year  of  1975 »  ognstructlon  of  an  upper  structure,  dynainic  tests  on  a 
soil-structure  nodelr  and  observation  of  eartliquake  eotione  on  and  around  the  foundation 
structure  have  been  aeooiqpllshed.    In  addition,  theoretical  and  oatperieental  procedures  to 
analyse  dynanic  behavior  of  soils  and  structures  have  been  investigated. 

The  research  includes  construction  of  a  model  structure,  soil  investigations,  instXtt- 
nentation,  measxrrement  of  seismic  motions,  dynamic  tests  and  analysis  of  dynamic  soil- 
st-ructwre  interaction.     The  research  is  exjsected  to  be  completed  in  three  years.  The 
work  acoonqplished  or  to  be  accomplished  In  the  middle  of  the  year  is  as  follows:  (See 
Fig.  1) 

a)  Forc<ad  vibration  test:  The  forced  vibration  test  using  a  vibrator  was  made  to  study 
the  dynamic  characteristics  of  the  model  structure,  of  the  neighboring  building,  and 
of  the  wave  propagation. 

b)  Construction  of  uppar  nodal  structural  An  upper  structure  having  four  steel  oolupsui 
{A-fi  267.4  X  6.)  and  one  reinforced  concrete  slSb/  4v  long,  4m  wide  and  In  higb,  was 
constructsd  in  Fuehinobs,  Saganihara  City#  XSnagawa  Pref. 
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c)  BarthqiiMlw  abavrvrntion:    Wove  trmsducars  wan  installvd  la  the  Model  foundatien 
stcuetnre  and  six  tranadnewe  were  placed  axouad  the  modal.    Six  obsarvatiocial  data 
were  obtained  to  determine  the  dynamic  behavior  of  the  eubaoil  foundation  syatem. 

d)  Jknalyaia  of  dynamio  aoil-atrueture  Intaraetlom   Analytical  evalvatlon  of  dynamic 
behavior  of  the  ainply  aliaped  atmcture  may  be  done.   For  a  detailed  and  eopplicatad 
ayatam,  however,  it  aeama  that  qoantitativa  inveatigatlona  and  ei^erim^ttal  prooeduree 
are  more  aignifleant* 

Thia  re!port  diaeussaa  the  work  liated  in  a)  «bove. 

PROPBRrXBS  or  SDREACB  HAVE 

The  vibration  of  the  sqperf  icial  layera  becomes  waxlwan  at  the  anrf ace  wave  during 
earthquake  from  the  viewpoint  of  energy.   Amonig  the  surface  waves*  the  Bayleigh  and  Love 
waves  aro  typical.   Vbelr  ftuannlas  are  «haim  as  follows  (3)  •  (Fig*  2)  t 

KaylAigh  Have  (Sae  Pig.  3) 

2  2 

iip«*n[««p(-Y*s)  sin  (ut  -  nx)  -  (2  y/n's/n)  /  (1  +  s  /n  )  exp  (•>  sz}] 
sin  (lot  -  nx) 

w^A  [2Y/  (1     sVa^)*ei9(-'Ss)-YS3V  <-TS>]  cos  (wt  -  »x> 
Love  Wave 

V  •  (B  COS  (  qx)  *  C  sin  (qa)  ]  eos  (pt  •  fy) 
V*  -  0  saqp  (-q's)  cos  (pt  -  fy) 

where  f 

u    »  displacement  in  x  direction 

V  =  displacement  in  y  direction  (at  upper  layer) 
v'  displacement  in  y  direction  (at  lower  layer) 
w    =  displa jHiTit^iit  in  z  direction 

A,  B,  C,  D  =  arbitrary  constant 
01    "  circular  frequency  on  x  -  z  pleuie 
p   >  circular  frequency  on  x  -  y  plane 
a  -  w»v»  Mxibar 
f  ■  f raqusney 
-  n'  -  w'a? 
.^•n'.«^/v| 
v^  •  valoel^  of  p  wave 
v^  «  velocity  of  S  wave 

q*  -  tp/^y  - 1^. 

q>3  »  f^  (prime  means  of  lower  li^er) 
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The  pluM  vAloeltiM  of  MMh  larfaie*  wftvvs  mm  siioim  as  followai 

-  8  K*  +  (24  -  160*)  K*  ♦  16  (O*  -  1)  -  0 
a*  -  (1  -  2ll>  /  (2  -  2V)  -  G  /  (2G  +  X) 

•  p  /  f  -  Vg  (I  +  qVj^  /  4ir^)  V2  -  ^ 

v^Aoity  of  Rasrltti^ 
voloel^  of  Lcwa  mv« 
mv*  Imgth  of  Riyloigh  nkvb 
wavB  length  of  Zavo  waw 
PoiMon'B  ratio  of  svlMoil 
tfbiMV  nodnlus  of  sidiooil 
Law*s  OOlMtWIt 

OOTLINE  Cff-  THE  TEST 

llMi  vibrfttion  t«sts  iwro  porfocMd  to  r— —roh  tho  abow  mntioMd  subjocts  In 
DocMbar,  197S  at  vhloh  tlM  wa  Inatallad  a  higb  fKaqoancy  vibrator  on  •  andal  of  rmitf 
forcad  oonerata  footing  (4"^  x  4*  x  1*) .    Tha  layout  of  tha  nodal*  tba  f ixad  obaanratoiy 
Inatrunaata  and  ao  on,  ara  ahewn  in  Fig,  1,  bat  tha  aqparstructura  of  tba  nodal  wa  not 
yat  ooaatxtiotad  at  tbat  tina. 

TlM  aita  ia  on  tSia  oonplax  of  Saganlbara  anglnaaring  Cantwr  of  Nippon  Staal  oo./xod 
at  Fuebineba,  Saganlbara  cLt^,  KatiagaMn  prafaettwa  (8aa  Pig.  4) .  lha  gaologioal  strtictara 
oooalata  of  nakataa  layar  ia  tba  tartiary  pariod,  sagani  laywra  ia  tha  dUlwrial  apodt* 
Saganlao  gxaval  layaxr  Mnaaablno  and  TachUcaiia  loana  and  subaoil  fron  tiia  faottcMf  and  tha 
qppar  lagftn  ara  aboMi  ia  Pig.  S.    Tha  raaolta  trau.  tha  atandard  penetration  taata, 
seismic  prospectings,  and  ao  on  at  the  sita  axa  given  in  Pig.  6.    Tha  moat  important  layer 
in  this  test  is  the  loan  axtanding  14b  do%m.    Its  physical  constants  from  Fig.  6  and  from 
other  existing  reports  are  assumed  to  be  0.5  to  1.11  kn/sec.  for  the  velocity  of  the  P  wava* 
0.15  to  0.30  km/sec.   for  the  velocity  of  the  S  wave,  and.  0.33  to  0.45  for  Poisson's 
ratio.    The  predominant  frequencies  of  micro-tremor  at  this  site  are  recognized  at  0.7, 
2.1  and  5  Hz.    The  specifications  of  the  vibrator  are  shotm  on  Table  1  and  it  is  possible 
to  change  continuously  the  vertical  and  horizontal  frequencies.    The  frequency  range  in 
the  test  is  distributed  at  8  to  30  Hz  for  the  vertical,  axial,  and  transverse  directions. 

«o  naaanra  tba  ground  vibrations,  "picxv^s"  were  piaoad  to  dbmurv  taie  t^rp** 
valocity  and  di^laoananta  at  oonataat  iatwrvala  on  tba  axial  diraotion  and  wa  uaad  a 
■aster  oontxol  ayatm  for  opacation  and  raoording  at  tba  atatlon  (8aa  Fig.  1) .    tba  naaaura- 
nant  in  valeoity  typa  ««a  adoptad  for  groad  vibration  and  naaaurwont  ia  dioplacanant 
^ppa  waa  adeptad  for  aoU'Otmetara  iatavaotlon  and  vibratioa  of  naigUboring  buildiaga. 
Tha  lattar  raaulta  mqr  ba  latrodocad  again  for  fartbar  atodlaa  In  tha  fatura. 


Digrtized  by  Google 


KBSOLTS 


The  wave  Icnaths  and  shear  moduli  given  by  substituting  the  measured  frequencies  and 
phase  velocities  into  the  equations  in  article  3  are  shown  in  Table    2  and  3.     The  vibration 
test  MSB  mainly  carried  out  at  the  range  of  frequency  euround  20  Hz,  being  relatively 
ataUttr  baoauM  highar  foequency  waa  liaitaA  In  orter  to  pretact  tha  vitarator  Itealf  and 
lowar  fraquancy  ooold  not  glva  daar  wavaa  owing  to  inauffloiant  axlating  foroa. 

nw  {iliaaa  valoeitlas  en  tha  horiaontal  and  vartical  dlMctiona  vara  owasuzad  with 
varlooa  pidmpa.   to  a  raault*  thaaa  dlfferancaa  do  not  affact  tha  obaaxvad  values  of 
phase  velocity,    on  the  other  hand*  the  d^rnaviic  behavior  of  the  gtomd  as  seen  in  Figs.  7 
and  8,  ahoHs  muA  aspect  as  the  naylelgh  wave  at  the  propagation  of  the  vertical  wave  but 
it  does  not  look  as  clearly  aa  the  Love  wave  at  the  propagation  of  tha  borlaontal  waves 
(5). 

toswdng  that  tiie  velocities  and  shear  nodull  in  Table   2  and  3  represent  dynanlc 
properties  of  the  layer  in  depth  of  a  half  wave  length,  it  is  possible  to  ei^Mss  tills 
relation  in  ri^s.  9  and  lO.    Although  it  is  difficult  to  Indicate  the  oorrespondinq  layer, 
it  seene  reaacoable  from  Figs.  3  and  7  that  the  layer  in  depth  of  0.4  to  0*5  wave  length 

shares  the  most  severe  deformation. 

The  above  mentioned  results  have  good  corredpondence  with  soil  test  results  and 
seismic  prospecting  results.     This  fact  makes  us  believe  that  this  method  of  determining 
dynamic  properties  of  the  ground  from  phase  velocity  with  a  vibrator  is  practical  amd 
useful.     Now  we  can  point  out  the  merits  of  this  method, 

(1)  availability  of  any  type  of  pickups  and  of  any  component  o£  waves. 

(2)  continuous  neasurnient  of  properties  of  layers  downward,  depending  on  dif ferott 
frequencies. 

(3)  detailed  asasureiMnt  for  shallow  layera. 

(4)  sisple  and  ecemiiilc  SMSursnsnt  with  a  vibrator,  picdcupa  and  recorders, 
fhe  disadvantages  of  this  nsithod  aret 

<1)    requlrwuent  to  Ispcove  the.  aeexiraey  of  the  svasured  phase  velocity. 
(2)    necessity  of  electric  power. 

<3)    difficulty  to  spply  it  to  the  ground  under  sons  obstacles,  up  snd  down  surface, 
de«qp  layers  and  so  on. 

-4 

On  account  of  the  defomation  level  in  this  test,  aii^coxliiiately  2  x  10    ,  the  resulting 
values  are  not  directly  applicable  to  such  a  big  vibration  as  an  earthquake  but  useful  to 
the  vibrations  caused  bJT  circulations,  construction  works,  factories,  and  so  m. 

COMCWSTOWS  AHD  JkCKNOMlBOGMBNT 

It  is  found  that  if  we  want  to  know  the  dynamic  prcqpsrties  of  the  ground,  we  can 
easily  obtain  comparatively  accurate  values  from  shake  tests  on  the  ground  with  a  vibrator* 

Now  there  still  remain  some  problems  to  pursue  such  as  expansion  of  frequency  range, 
minimization  of  the  base,  more  coniparlsons  with  other  methods,  device  for  simpler  operation, 
and  so  on. 
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1.  Vibrations  of  Soils  and  Foundations,  by  Richaxt,  Hall  and  Woods,  Prentice-Hall. 

2.  Ditto,  translatad  in  the  Japanese  by  T.  Iwaaaki  and  A.  Shinasu,  Kasht—  Shuppankai* 

3.  Vihcation  Manoal  for  CItU  Bnglnaar  (in  Apaneaa)  *  fha  J«pan  8oei«t3r  of  Civil  Bngiaaara. 

4.  Barthqoaka  Obaarvation  on  Soil  and  Struotura  I,  II*  III»  Hazcfa  in  1975*  1976,  1977 
(in  Japanaaa)*  Building  Raaaardi  Institute. 

5«     Bttllatln  of  ttf  Xntamational  inatitata  of  Saianolegy  and  Bartiiqpiaka  Bnglnaaringf 
vol.  14,  1977.   sorfaee  Hkvas  Genaratad  hgr  a  Vibrator,  hsr  S.  Batterl. 
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Fig.  7  to)  Amp.  distribution 

(Rayleigh  wove;  Ver.  comp.) 
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Fig,  6     Amp.  distribution 
(Love  wave) 
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Values  on  horizontal  shaking  by  dlsplacenent  vibrograph 
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SIODIES  QH  SOIL  UQDEFJlCrZGH  KBUIISD  ID 

BMasQaux  FBSXSXWT  msxcR  or  tfiwurmBa 
MasaBitfltt  Oharihl*  ChLeit,  Bartliquake  DinMter  Prwnmtion  ntrimUm 
Vodhio  Iwataki,  Chltf ,  GcDiwd  Vtbration  Saction 
Fvnio  Tfttsnoka*  nuMtcih  snglnMr,  Gconnd  vtteation  seetion 
All  fzcn  the  Ptiblle  Worka  ItBMazcli  Inatltuiter  Ministry  of  Ooaatznetion,  Japan 

ABSTRACT 

In  order  to  evaluate  dipnaadc  btiiavlor  of  atruetural  fbondatlona  and  eaiiedded  atruotnrea 
during  eaxttiquakea.  It  la  eaaantial  to  eatinata  the  effeeta  of  the  aurxounding  aolla  on 
thaae  atrueturaa*   nia  awthora  have  emadnetad  a  literature  aurvay  on  the  affeeta  of  lliiae- 
fled  aolla  on  hrldga  foandatlona  and  alao  oondueted  lahoratory  nparlnanta  aalng  nodela  of 
pile  foundatloaa  Including  awroanding  aolla. 

PorthaxBoeer  a  alopUflad  aatfaod  to  evaluate  liquefaotlon  potential  of  aand  depoalta 
waa  Inveatlgated  on  tiie  baala  of  nuriMra  of  hlowa  (ao  called  If-valuea)  fay  the  atandard 
penetration  teat,   ftopoaed  herein  are  the  critical  N-valuea  whldi  can  be  uaad  In  deterBin- 
ing  liqaafaetlon  potential.   Thla  nethod  can  eatinata  uhatfaer  tibe  aand  dagpoait  nay  likely 
liquefy  or  not  during  future  aevere  eartftquakea  by  neana  of  ocaparing  N-^luea  ■eaaurad  at 
the  aite  of  interest  with  the  critical  values  propoaad.    Aiese  critical  values  were 
deterai  ned  on  the  basis  of  dynamic  triaxial  tests  on  undisturbed  sand  aanplea  and  M-valuea 
aeasured  at  the  points  where  the  undisturbed  samples  were  obtained. 

These  studies  are  to  clarify  the  effects  of  liquefied  soils  on  pile  foundations  and 
to  establish  design  methodology  of  pile  foundations  considering  the  effects  of  soil  lique- 
faction. 

XBXMOilDfis    Bridge  foundational  dynanie  trlanial  teatai  iJjquefaetlon}  nodal  teatai  pile 
foundationat  aandi  atandard  penetration  teatt  ahake  table. 
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INTRODUCTION 


IB  odtder  to  aEpropeiataly  maluata  dynaoio  btfiavlor  of  pllo  foundatioiui  we  vnbedded 
stnoturu  cUaring  Mzthqiailwaf  it  is  MMntlal  to  MtiMte  the  of  facts  of  tho  behavior  of 
tiM  snncoundlng  aolla  on  tfaoao  •txuctinrM.    It  can  be  smvosoa  that  the  aurzoundlng  aoila 
do  not  mom  severely  in  norsal  casee  and  notaally  resist  ttoveiente  of  the  structares*  but 
soMtlates  the  surrounding  soils  cause  large  aovements  of  the  stmotures  irtien  the  soils 
vibrate  severely  as  a  result  of  resonant  state  of  the  soils  and  furthexinore  in  special 
cases  the  surrounding  soils  do  not  support  these  structures  at  all  when  soil  liquefaction 
takes  place. 

To  provide  a  proper  solution  to  this  problem,   it  seems  necessary  to  precisely  analyze 
the  behavior  of  the  structures  considering  the  effects  of  soil-structure  interactions. 
When  the  surrounding  soils  liquefy  during  earthquakes,  the  problem  becomes  more  complicated. 
In  this  case,  the  effects  of  liquefied  soils  on  the  structures  will  be  much  more  severe. 

The  authors  have  conducted  a  literature  survey  on  the  effects  of  liquefied  soils  on 
bridge  foundations  and  also  conducted  laboratory  experiments  using  models  of  structures 
including  surrounding  soils.   This  attanpt  was  to  clarify  the  effects  of  liquefied  soils 
on  pile  foundations*  and  to  establish  design  nsthodology  of  pile  foundations  oonsiderlng 
the  effects  of  soil  liquefaction. 

Another  proibleai  to  be  considered  in  the  aselsnic  design  of  bridges  with  pile  founda- 
tions in  sand  deposits  t«ith  high  liquefaction  potential  is  the  evaluation  of  liquefaction 
potential  of  ssnd  deposits.    In  the  slnpUf isd  procedures  for  evaluating  liquefaction 
potential  generally  used  in  Japan*  the  H-'value  obtained  from  the  atandard  penetration 
teats  are  used  in  evaluating  the  liquefaction  potential  of  the  sand  d^iosit. 

If  the  N^value  of  the  sand  deposit  of  Interest  is  lower  than  a  critical  value,  say 
N-10,  it  is  judged  that  this  sand  deposit  will  liquefy  during  severe  earthquake  motions. 
In  this  study  dyneunic  tri«uclal  tests  on  undisturbed  sand  samples  were  conducted  and  at  the 
same  time  N-values  were  measured  at  the  points  from  where  undisturbed  samples  were  secured. 
Then  the  appropriate  critical  N-values  were  determined  on  the  basis  of  the  relationship 
auoong  dynamic  shear  strength,  N-value  and  Insitu  effective  overburden  pressure.     It  was 
found  that  even  in  the  case  where  the  dynfunic  shear  strengths  are  identical,  the  N-values 
may  vary  according  to  the  variation  of  soil  properties  which  can  be  represented  by  the 
oontant  o£  fine  soils  and  the  nean  disaster  of  soil  particles. 

The  results  of  tills  study  are  sumarised  as  followss 

1)  The  supporting  oapacltiss  of  surrounding  soils  may  bsoons  considerably  snallsr 
uhsn  li^iefactlon  takes  place. 

In  soae  cases*  dynanic  forces  of  soils  acting  on  piles  any  beooaa  considerably  larger 
in  liM  course  of  liquefaction.    When  the  oonplete  Hquefaction  takes  place,  both  the 
supporting  capacities  and  tJie  ^^lanie  foroes  can  be  spproxiaiately  estismted  by  assuming 
that  a  liqnef led  sand  layw:  Is  heavy  water. 

2)  m  the  course  of  liquef action^  soll'-plle  foundation  systems  may  rescmate  to  the 
input  motions*  and  may  vibrate  severely. 
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3)     Crltioal  W-viiln—  for  ovaluatlng  the  liquefaction  potantial  aboald  ba  datoxBtnatf 
ty  taking  into  aooouat  tbm  facta  that  tha  M-valuaa  daoraaaa  with  incxaaaa  In  tita  eontant 
of  fina  aolla  In  sand  dscNMlta.   Alao*  tha  dynanlo  ahaar  atrangth  doaa  not  daoraaaa  anoh 
as  conpurad  with  tiia  dacraaaa  in  tha  N-valuaa. 

JUamSB  TO  BRIDGB  FOOMDftTIONS  DOB  TO  UQOEFACnON 

It  haa  haan  raoognlaad  ^t  ana  of       win  oauaaa  of  immqm  to  bridgaa  idilch  vara 
oonatruotad  in  alluvial  dapoalta  and  raclalnad  landa  la  an  miatabla  parfornanoa  of  groimd 
aoUa.    It  la  alao  wall  knoan  that  llquafaotion  of  aan^ir  noils  Indnoa  catastzpiphlc  ■awants 
of  ground  and  loan  of  baaring  cjspacitlaa  of  ground.   A  msibar  of  danagaa  to  bvldiga  stmctiaraa 
vith  plla  foundations  nara  ebaarvad  during  tha  Mlignt*  Xarthquakas  of  1964  In  Japan  (XwasaU 
(1973))  and  daring  ttie  Alarica  Earthguaka  of  1964  In  ttut  ttiltad  Statas  (Kaohadoorian  (1968)}. 
Similar  daawgas  vera  also  raportad  for  othar  aacthquahaa  In  Jspan  (Iifasaki  (1973) )  and  fbr 
tha  San  Ftanclsco  Barthqpudn  of  1906  (Youd  and  Boosa  (1976)  >•  Llq^af actions  hava  been 
obaarvad  in  alluvial  d«!po«its  and  raclalnad  landa  during  najor  aarthguakaa  Inelnding  tiia 
abova  aarthqpakaa.    In  Jspan*  44  aaxthvuJMS  induoad  liquafactlon  phanoawna  during  tha 
•pariod  fron  1973  to  1966  (XuribayaAl  and  Tatsuoka  (1»74)). 

In  vlawing  damages  to  engineering  structures  caosad  by  soil  liquafacticnt  mmarous 
studies  on  evaluation  of  liquefaction  potential  of  sandy  deposits  have  been  conducted  by 
using  dynamic  soil  testing  equipment  such  as  dynamic  triaxial  apparatus  and  a  dynamic 
simple  shear  apparatus.    Furthermore,  studies  have  also  been  conducted  with  shaking  table 
tests  to  determine  the  effects  of  the  loss  of  bearing  capacities  caused  by  liquefaction  on 
the  behavior  of  heavy  structures   (Yoshimi  et  al.    (1975),   Ishihara,  et  al.    (1975)).  However, 
little  effort  has  been  made  on  the  study  ot  the  effects  of  soil  liquefaction  on  the  dynaaio 
behavior  of  pile  fovindations   (Shikamori,  Sato  and  Hakuno  (197  3) ,  Yoshida  and  Uematsu 
(1975),  Iwasaki,   ratsuoka  anU  3tikui>ct  (1976)).     Accordingly  methodology  of  aseismic  design 
of  pile  foundations  considering  the  effects  of  liquefaction  is  still  in  the  process  of 
fooiatlon. 

intanding  to  astabUdi  a  rational  asaisnie  daalgn  eritarlon  of  pila  foondationa  lAleh 
ara  ooostruotad  in  aoil  dspoalta  wiidk  high  llquafacrtion  potantlal«  a  aarlaa  of  ahaking 
tahl*  tasts  of  plla  foundationa  plaead  in  llquaafying  aand  dspoalta  was  pwfomad. 

BX»BIUIIBMr  OH  onOUIZC  BEHAVIOR  OT  PIU  fOQMDATIOII  MOOBLB 

Tiest  Arranqaowpts  -  in  this  sagagiaant  SMll  nodals  of  plla  fbondatloas  were  prefabrl- 
oatad  on  a  Shaking  tabla.   Plvw  dlffacent  tasts  llstsd  in  Vabla  1  wsra  oonductsd.  T^rploal 
tost  arrang«aants  for  vast  1  and  vast  2  ara  lUoatratad  in  Vlgs.  I  and  2,  rapsaQtlwly.  A 
saturatsd  loosa  sand  laysr  inelnding  a  aaall  nodal  of  a  pUs  foundation  waa  plaead  in  a 
cotttalnar  on  a  shsJtlng  tabla.   To  aetoata  tSub  shaking  table  an  elsctto^iagnatlo  actuator 
was  nsad  ftor  Vast  1.   A  dlsplaoMant  oontcollad  hydraulic  actuator  was  nsad  for  vasts  2  to 
S.    sand  layars  wars  proparad  by  pouring  alr-drlad  sand  Into  watsr.    Initial  ralatlva 
danaltltaa  of  tha  aand  layars  raagad  fran  24  to  40  pareant.   Tha  watar  laval  oolncAdad 
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with  the  sand  surface  at  the  beginning  of  shaking.    As  shovm  in  Figs.  1  and  2,  accleroroetera 
and  strain  gauges  were  installed  to  measure  movements  of  the  shaking  taible,  sand  layers 
and  pUtt  fooadMtlon  aodal*.    larfeh  pfmtm*  oftll*  and  pore  prmann  oaUa  wr*  alao  equipped 
to  MMurs  •■rtb  pcMauras  acting  on  piloa  and  asoasalva  pota  vatar  praaauEaa.  Sinuaoidal 
tabla  aotlenB  vara  appliad  ia  all  taata  (Taata  1  to  5}  •   Wava  £oxai  of  acoalazatlon  maaaiirad 
at  tba  tabla  was  of  triangular  foni  in  tha  easa  of  Test  1,  as  slxnm  in  rig.  3  iriiara  tha 
tdblo  aocalaration  is  danotad  as  JUL.    Bowaver*  in  tiia  othar  taata  (fast  2  to  Taat  5) 
irtiara  a  hgrranlic  netuator  was  usedr  the  asasurad  tabla  aocalaration  was  close  to  alnuaoidal 
nBticfit  aa  abown  in  Figs*  4  and  5.    Saweral  sotlona  irLth  diffarant  fragtianolea  wars  aaployad 
as  input  Motions,   nagoaneias  vara  salaatad  on  tha  basis  of  tha  natural  fraquonoias  of 
pilo  foundation  nodala  aufenargad  in  watar.    Vha  bass,  aocalarstion  una  datanainsd  in  vinr 
of  otttbraak  of  gxadnal  Inoraaaa  In  axoaasiva  pora  watar  ^rasaura  in  sand  layars*  Actuators 
used  in  tba  rnqpariaants  mre  not  auf ficient  anough  to  kaep  an  aocurately  constant  bass 
aooalsrstion  during  a  test  run.    This  is  due  to  a  great  change  in  rigidity  of  sand  layars, 
which  are  caused  by  soil  liquefaction.    Actually,  the  base  acceleration  changed  soaeWhat 
in  the  course  of  liquefaction  of  sand  layers,  as  shown  in  Figs.  3  through  5. 

Four  different  pile  foundation  models  wpre  examined   (see  Table  1) .     Their  natural 
frequencies  when  submerged  in  water  are  3.8,  4.0,   10  and  14  Hz,  respectively.  Their 
natural  frequencies  in  air  are  slightly  higher  than  those  in  water.     Each  of  these  models 
consists  of  several  solid  aluminum  bars  with  2  cm  in  diameter  and  a  top  mass.     The  values 
of  the  natural  frequencies  of  models  were  adjusted  by  choosing  the  number  of  bars  and  the 
weight  of  tiis  top  aass-    Vhasa  ■odala  wara  finad  at  tiia  bottcB,  as  ahoun  In  rigs.  1  and  2 
to  faoilltata  tha  boimdary  condition,   flia  dagraa  of  fixity  vould  ba  oonsidarad  to  ba 
larger  than  that  la  actual  casss* 

PrinciPlSB  of  8*^*3Lfl*^*1iir  ~  Frequeoclas  of  input  notion  and  natural  f  raqusnclas  of 
plls  foundation  Mdals  sUfcawrgad  in  wntsr  mrm  datarminad  in  tha  foUowing  nannar.  Modal 
tasts  in  tha  fiald  of  soil  ■aobanioa  can  ba  elaaaiflad  into  two  groupa  by  their  objaotivas. 
Tha  first  group  is  to  find  fUndanantal  paranatsrs  raqnirad  to  ba  taken  into  account  when 
analysing  tha  behavior  of  tba  pcototypa  by  an  malytioal  oatbod.   Vhis  analytical  wafhrid 
can  bm,  of  course,  applied  to  the  model  test,    m  this  casa#  the  rigorous  satisf<w;tion  of 
principles  of  similarity  is  not  of  first  importance.    The  second  group    is  to  quantitatively 
estimate  the  behavior  of  the  prototype  from  the  results  of  model  tests.    In  this  case  the 
principles  of  similarity  should  be  determined  and  satisfied.    At  present,  it  is  of  first 
importance  to  find  the  controlling  factors  in  thf  belnvior  of  structures  in  liquefying 
soils.     Therefore,  reported  herein  is  the  result  of  tests  of  the  first  category.  Accordingly, 
th«  similitude  between  the  prototype  and  the  model  was  satisfied  in  terms  of  the  following 
(but  others  such  as  the  permeability  of  sand  layers  could  not  satisfy  the  principles  of 
similarity) : 

(1>   Length  (L>t    Seals  ratio  oonsidarad  for  Isngtii  tias  cn  ths  ocdar  of  IdO  to  lt30. 
thsr^ioraf  aodal  sand  layers  with  thm  height  of  70  cn  correspond  to  actual  sand  deposits 
of  7  to  21  ■  in  depth. 

<il)  Danal^  of  aaad  layer  (NUT   )t    Binca  actual  aanda  were  oaad,  tha  ratio  of 
denaity  of  aoila  una  cn  tha  order  of  Itl. 
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(iii)  Acceleration   (LT    ) :     Since  body  force  induced  by  gravity  is  the  same  between 
models  and  prototypes,  the  ratio  for  body  force  induced  by  horizontal  motions  should  be  on 
the  order  of  1:1.    And  the  ratio  for  horizontal  acceleration  was  also  on  the  order  of  Itl. 

(Iv)  Tine  (T) i    From  (i)  and  (iii)  the  ratio  for  tine  is  determined  as 

1  «  /l^  1  i  i/Io  to  1  :  /30  •  1:3.2  to  1(5.5. 

(v)     Natiiral  frequencies  of  model  pile  foundations  submerged  in  water  (^p) »  fraqoencies 

of  input  motion   (f),   and  fundamental  natural  frequencies  of  sand  layers  with  the  excessive 

^  -4-1 
porewater  pressure  of  zero  and  the  shear  strain  level  of  T  -  10      or  less  (f  ), (T  ): 

111  ^ 
^ese  scale  ratios  are  determined  from   (iv)   as  1:—=  1  :t— r  to  ):——-=  1:0.32  to  1:0.18. 

i  .  Z  L) .  J 

Estimated  frequencies  f     for  model  sand  layers  were  around  18  and  24  Hz  as  shown  in 
Table  1.    These  values  correspond  to  the  natural  frequencies  of  the  prototype  sand  layers, 
3.2  to  7.7  Hz.    On  the  other  hand,  the  fundamental  natural  frequency  of  a  soil  deposit  f^ 
(Hz)  can  be  i^roxinately  estimated  by: 

V 

^1  "  4H  ***** 

in  which  V_  denotea  the  average  sbeax  mve  velocity  (i^sec)  and  8  neans  the  deipth  (v)  of 


•oil  deposit  of  interest.   Since  the  usual  values  of      for  shalloir  alluvial  sand  deposits 
range  from  150  to  250  n/sec*  the  fundamental  frequency  of  sand  deposit  with  the  depth  of  7 
to  21  n  ranges  fron  150/(4x21)  «  1.8  Hs  to  250/(4x7)  -  8.9  Hs.    These  values  corresond 
well  to  the  values  derived  fron  scale  ratios  and  the  fundamental  frequeneiee  of  model  eand 
liters  (-3.3  to  7.7  BZ). 

Since  predominant  frequencies  of  strong  eartiiqualEe  motion  observed  on  the  actual  sand 
deposits  are  estimated  to  be  less  than  the  above  values »  the  frequency  of  iiqput  motion  in 


(18 


model  tests      should  be  less  tiian  the  natural  frequencies  of  model  sand  layers  f^ 
and  24  Hz) .    Therefore*  as  tito  values  of  f ^  in  the  model  tests*  12  Be  txxc  Iruna  sand  and 

10  Hz  and  20  Hz  for  Toyoura  sands  were  selected. 

Furthermore,   it  can  be  estimated  that  the  fundeiinental  natural  frequencies  of  ordinary 
bridges  with  pile  foundations,   f^,  are  less  than  the  predominant  frequency  of  strong 
earthquake  motion  observed  on  shallow  sand  deposits  when  the  value  of  f^  are  determined  on 
the  assumption  that  liquefied  sand  layer  with  the  depth  of  7  to  21"  are  removed.  Therefore, 
three  of  the  five  model  tests  conducted  were  cases  where  the  natural  frequencies  of  model 
pile  foundations  sulamerged  in  water*  f^,  are  less  than  the  frequency  of  i^put  motion,  f^, 


which  oorresBond  to  actual  esdinaxy  aasee.    Xn  addlfcion  to  feheM  caau  where  f    <  f.  * 

P  * 


Other  teo  cases  Where  f   -  f ^  and  f    >  f^  wara  examined  in  order  to  evaluate  the  importance 

pi  pi 

of  the  relationship  between  these  two  values*  f  and  f .  in  assessing  the  dynamic  behavior 

P  * 

of  pile  foundations  in  liquating  sand  layers. 

Test  Beoords  -  For  Test  1^  acceleration  records  at  the  table  at  three  positions  in 
the  sand  layer  and  at  three  positions  of  the  model  pile  foundation  are  shorn  in  Fig.  3. 
Excessive  porewater  pressure  in  the  sand  layer  and  earth  pressure  acting  on  the  pile 
foundation  are  also  illustrated  in  the  figure  during  the  elapsed  time  of  B  to  14  seconds 
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counting  from  the  beginning  of  shaking.     Similar  records  in  the  cases  of  Test  2  and  Tost  4 
are  shown  in  tigs.  4  and  5,  respectively.     One  of  the  roost  peculiar  performances  observed 
in  these  tests  is  non-stationary  behavior  of  the  sand  layer  and  the  pile  foundation,  and 
nOAMtatiooAry  dynanlc  Interaction  betifeen  then,  whil«  th«  table  npvenent  is  alnpst  stationary. 
Furthanme*  it  can  te  noted  tliat  the  Ea^oiiBes  of  different  pile  fomidation  mdele  are 
not  similar  to  each  other.   Bqpeciallyf  tlie  variation  of  the  responee  of  the  pile  foundation 
in  Test  4  is  quite  different  froa  those  in  Test  1  and  Ttost  2. 

In  order  to  clarify  tiie  dynanie  behavior  of  tttm  sand  layer  and  the  pile  foundationr 
envelqpeB  of  dynawie  amplitudes  recorded  %)ere  illustrated  in  Pi^.  6  for  Test  1.    Since  in 
the  case  of  Test  1  eacoassive  poremter  pressures  reac^ied  their  sMmlwiuw  stationaxy  values 
at  the  elapaed  time  between  11  and  12  ssoonds  and  the  eooeleration  in  the  mtire  sand 
layer  decreased  to  alaost  sere  at  the  sane  tliie«  it  could  be  estinated  that  liqoefaetioa 
in  the  entire  sand  layer  Initiated  at  the  elwsed  tine  betMeen  U  and  12  seconds  in  the 
case  of  Test  1.    It  ahould  be  noted  in  the  case  of  Test  1  that  the  ugociuian  response  of  the 
pile  foundation  occurred  at  the  elapsed  time  of  about  10  seconds  when  excessive  porepressure 
did  not  reach  the  maximuin  value  yet  and  the  sand  layer  was  vibrated  in  ordinary  fashion. 
And  at  t=10  seconds,  dynamic  earth  pressure  acting  on  the  pile  foundation  and  strains  in 
the  pile  also  had  their  maximum  values.     In  addition  to  this,   it  is  also  noted  in  the  case 
of  Test  1  that  the  resxxDnse   (acceleration)  of  the  pile  foundation  decreased  to  the  small 
value  after  the  entire  sand  layer  had  liquefied.     Corresponding  to  this  decrease  in  acceleration 
of  the  pile  foundation,  earth  pressure  acting  on  the  piles  and  strains  in  the  pile  also 
decrease  to  the  small  values.    Following  this,  recovery  from  liquefaction  started  at  the 
elapsed  time  of  about  30  seconds^  and  after  this  nonMnt  the  response  of  pile  foundation 
increased  again.    Although  this  rscovery  phencnenon  is  also  very  interesting  f  this  will 
not  be  discussed  herein  because  such  a  pbenonenon  is  unlikely  to  take  place  in  the  prototype 
during  severe  ground  Shaking  in  an  actual  earthquato.    In  this  test*  the  ratio  of  time  in 
the  fl»del  and  that  in  the  prototype  is  considered  on  the  order  of  lt3.2  to  ItS.S.  There- 
foror  the  elspssd  tine  of  30  seconds  in  the  mdel  corresponds  to  96  to  165  seconds  in  the 
proto^fpe.    This  duration  tine  seens  longer  than  the  duration  of  najor  ground  notion 
dvriag  a  Strang  earthgyake.    rnrthsMoref  it  is  recognised  that  recovery  frDSi  liquefaction 
began  after  the  cease  of  earttquake  motion  in  the  actual  earthquakes  experienced.  Fron 
these  reasons,  only  phenamena  observed  before  the  recovery  from  liquefaction  will  be 
discussed  in  this  report. 

Variations  of  Responses  of  Pile  Foundation  Models  in  the  Course  of  Liquefaction  -  In 
Fig.  7  shown  is  the  variation  of  response  ratio    6^  of  the  pile  toundatiun  with  respect  to 
frequencies  of  input  ototion  in  the  case  of  Test  1.    The  response  ratio  3    is  defined  as 


P 


(2) 


iHiere  |o^|  represents  the  asplitnde  of  the  acceleration  at  the  base  and  ja^gl  rwresents 
the  anplitude  of  the  acceleration  at  the  botton  of  the  top  mass  of  the  pile  foundation. 
The  solid  curve  in  Fig.  7  r^esents  tiie  reqponae  curve  of  the  pile  foundation  model 
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naasored  when  nibnerged  in  water  and  the  black  solid  circles  denote  the  response  ratio  of 
ths  pile  foundation  nodel  aMasurad  in  liquefying  sand  layer  at  several  increments  of  elapsed 
tine.    Munbws  near  the  black  solid  circles  represent  the  elapsed  tine  in  seconds  from  the 
beginning  of  shaking.    It  is  seen  from  this  figure  that  the  response  ratio  of  the  pile  found'- 
ation  models        onoe  increased  before  t'lO  seconds  and  then  decreased  abruptly  to  a  smaller 
▼aloe  of  0.2  at  t^l2  seconds.    Also  illustrated  in  Fig.  7  are  the  reflponse  ratio  of  sand 
layer  0^«*|a|/|a^^|,  excessive  pore  ttater  prassnra  ratio  u/n^^  and  the  amplitude  of  dynamic 
earth  pressure  acting  on  the  pile  foundation  |p^1.    These  values  are  Illustrated  in  relation 
with  6p.    It  is  clearly  seen  from  this  figure  that  at  the  monent  of  f2m  aaxiaiun  response  of 
the  pile  foundatica  model,  sand  layer  had  not  liquefied  yet  and  the  iytaaii.c  earth  pressure 
had  the  maximum  value  and  also  that  after  the  occurrence  of  liquefacticni  in  the  entire  sand 
layer  the  response  of  pile  foundation  and  the  ^namic  earth  pressure  also  decreased  to 
Mtaller  values. 

Similarly  Figs.  7,  8,  9  emd  10  represent  the  variation  of  responses  of  pile  foundation 
models  in  the  cases  of  Test  2,  Test  4  and  Test  5,  rcspcr'tivoly .     in  these  figures,  squares 
denote  responses  of  pile  foundation  models  at  the  moment  when  liquefaction  is  not  initiated 
in  any  part  of  the  sand  layer,  triangles  show  responses  at  the  moment  when  liquefaction  is 
taking  place  in  the  upper  part  of  the  sand  layer,  and  circles  represent  responatis  wlicn 
liquefaction  is  taking  place  in  the  entire  sand  layer.     It  can  be  noted  froci  these  figures 
that  while  the  variation  of  the  response  of  the  pile  foundation  model  in  the  case  of  Test 
2  is  quite  similar  to  that  in  the  case  of  Test  1,  those  in  the  case  of  Test  4  and  in  the 
case  of  Test  5  are  considerably  different  from  that  in  the  case  of  Test  1  or  that  in  the 
case  of  Test  2.    The  cause  for  these  differences  among  these  tests  will  be  discussed  later. 

Fig.  11  illustrates  instantaneous  positions  of  the  sand  layer  and  the  pile  foundation 

model  at  several  instants  of  time  (t«8.0  to  12  seconds)  in  the  case  of  Test  1.    In  this 

figure^  each  stage  (a)  thraugh  (d)  In  eadi  column  represents  the  variation  of  positions  of 

tiie  sand  layer  and  the  pile  foundation  model  with  a  short  interval  during  the  half  of  the 

vibration  period  (■1/24  second).    In  each  figure/  circles  represent  the  value  of  "^l^]^! 

in  «rtiich  a  denotes  the  instantaneous  value  of  acceleration  recorded  by  the  accelerometers 

A2  through  A4  equipped  in  the  sand  layer,  and  jOj^l  represents  the  ancilitude  of  the  base 

acceleration,    in  an  ideal  sinusoidal  movement,  -a/|a^^|  can  be  an  index  r^resenting  the 

displacement  nodes.     And  solid  circles  represent  those  for  the  pile  foundation  model. 

Arrows  represent  the  instauitaneous  directions  of  the  movements  at  each  point  and  the  short 

vertical  straight  lines  renrencnt  the  maximum  v^iluos  of  " -*  ' ' !        each  point  during  the 

half  cf  th<=  vibration  period.    Triangles  denote  the  instantaneous  values  of  earth  pressures 

acting  on  the  pile.     The  positive  sign  corresponds  to  the  increase  of  earth  pressures 

sensed  by  the  earth  pressure  cell  which  faced  to  the  right  in  those  fioures.    At  the  botton 

of  Fig.  11  shown  are  the  excessive  pore  pressure  idtio  u/u      .     It  is  sutn  trom  this 

max 

figure  that  at  the  elapsed  time  of  8  seconds  when  excessive  pore  water  pressures  were 
very  small,  movements  of  the  sand  layer  and  those  of  the  pile  foundation  model  are  close 
to  ecMsh  other  during  the  half  of  the  vibration  period.    Then,  as  time  goes  on  and  excessive 
pore  pressures  increase,  the  difference  between  the  movement  of  the  sand  l9^x  and  that  of 
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the  pile  foundation  model  increases  gradually.     This  would  mean  that  the  capability  of  the 
sand  layer  to  support  the  pile  foundation  model  is  decreasing  with  decrease  in  the  effective 
stress  in  sand  layer  (which  corresponds  to  increases  in  excessive  pore  water  pressure) . 
Am  SMR  in  Figs.  3  throogh  ll»  liquafied  parts  In  ttie  sand  Layer  axpand  from  the  aurfaea 
toward  tiia  botton.    Therafora*  tha  fraa  langtii  of  tha  pile  foundation  nndel  tfhioh  are  not 
■qpportad  l>y  tha  surrounding  sand  layar  increased  with  increasa  in  excessive  pore  pressure 
in  the  sand  larer.   This  neans  that  the  natural  trtKpmocjf  of  the  pile  foundation  in  tha 
sand  layerp  which  is  dafiaad  as  f^,  decreased  with  increase  in  the  free  ImglA  of  pile 
foundation. 

Then*  it  would  be  beneficial  to  emmine  the  response  of  the  pile  foundation  nodal 
froB  the  vieMpoint  of  atruetnral  dynanics.    First,  let's  suppose  a  singla-dagrea-of- 
freedcB  vibrating  mr*tm  iihich  corresponds  to  the  pile  foundation  nodel  in  the  sand  layer. 
giM  naxlaiun  value  of  tiM  raaponsa  ratio  0^  -  3.6  of  the  pile  foundation  model*  which  took 
place  at  the  elapsed  time  of  10  seconds,  could  be  regarded  aa  that  of  the  vibrating  system 
which  resonates  to  the  sinusoidal  input  motion  with  the  frequency  of  f^  »  12  Rs.  Than, 
tha  apparent  daqping  ratio  (h)  of  tha  vibrating  system  oould  be  derived  as, 

h*^*0.14  (3) 


In  Fig.  12  shown  arc  the  response  curve  of  the  equivalent  single  dogrcc-of-f reedom 

vibrating  system  with  the  damping  of  0.14  and  are  the  phase  relation  between  the  input 

force  and  the  motion  of  the  systen.    Using  this  response  curve,  the  appeurent  natural 

frequency  of  the  pile  foundation  model  embedded  in  the  sand  layer  f^*  in  the  case  of  Test 

1  tn»  obtainad  as  folloirs*    it  could  be  supposed  that  tha  natural  trrnqoanay  of  tha  pile 

foundation  awbeddad  in  non-Uquaf led  sand  layer  at  tha  strain  of  around  10     is  similar  to 

the  natural  frequency  of  the  sand  layer,  that  is,  f ^  •  18  Hz  in  the  case  of  Test  1. 

Therefore,  just  after  tha  beginning  of  shaking  the  natural  frequency  of  the  pile  foundation 

enbajMed  in  the  sand  layer,  f  *  would  be  around  IB  Hs.    This  means  then  f,/f  *  <*12/18)<1.0. 

P  1  P 

Therefore,  the  approximate  value  of  '^/'p*  alapaad  time  of  t^.O  aaeonda  can  ba 

obtained  from  the  intersection  point  bstireen  0_  ■  2.1  ($   at  t  ■  8.0  seconds  )  and  tha 

P  P 

respoose  onrva  for  f^/f  *  <  1.0.    By  the  sane  procedure,  the  values  of  f,/f  *  were  obtained 

i    p  i  P 

for  tha  following  elapsed  time  t  -  10. 0,  10.8,  11.3,  12.2  seconds  as  shown  in  Fig.  12.  It 

is  seen  from  this  figure  that  the  ratio  of  the  frequency  of  input  motion  to  the  natural 

frequency  of  the  pile  foundation  model  embedded  in  the  sand  layer,   ^j^/^^*'   increased  with 

time  and  eventually  approached  the  value  in  the  case  of  the  pile  foundation  model  submerged 

in  water,  f./f    =  12/3.8  =  3.2.     since  the  value  of  f.  was  kept  constant  as  12  Hz, 
1    P  1 

the  increase  of  f./f  *  means  the  decrease  of  f  *.    Also  shown  in  Fig.  12  is  the  phase 
1    p  p 

relation  0  between  the  motion  at  the  bottom  of  the  top  mass  and  the  motion  at  the  base. 
In  this  figure,  the  values  of  0  vara  obtained  fron  Fig.  11  and  the  values  of  ^^Z^^*  ve^ 
obtained  from  tha  procedure  described  above.    The  general  coincidence  of  the  measured 
phaaa  relation  with  that  of  tha  singla-dagraa-of-fraedom  vibrating  system  with  daiving 
ratio  h  -  0.14  means  that  the  variation  of  tha  response  of  the  pile  foundation,  B  ,  in 
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liquefying  sand  Iay«r  ms  cmsttd  fay  tha  variatlcm  of  ths  apparent  natural  frequency  of  the 


pile  foundation  nodel  In  the  sand  layer,  f^*. 

As  «  next  8t«{Pf  tiM  effects  of  ttie  response  of  the  sand  layer  on  the  re^onse  of  the 
pile  foundation  arodel  should  be  talenk  into  acoountf  beeauae  the  response  of  sand  layer 
varied  in  tlie  oourae  of  liqusf action  as  shown  in  Figs.  3  thorugh  11.  In  the  case  of  the 
pile  feuDdation  with  a  very  nail  rigidltyi  the  response  of  this  pile  foundatioa  would  be 
oosipletsly  affected  by  th»  response  of  the  sand  layer  before  effective  etress  in  the  sand 
xedooes  to  seco*  On  tJie  otJier  haadf  HAm  effect  would  be  retlier  snail  in  the  oeee  of  the 
pile  foundation  with  a  relatively  large  rigidity.  Ihis  would  be  the  oases  of  these  tests 
(Tosts  1  to  5}.   For  esaBple»  in  the  case  of  iiest  1,  the  naxinni  re^onee  ratio  of  the 


pile  foundation  S^p  is  about  3.6  at  t  «  10  seconds  and  at  this  aanent  the  revcose  ratio 

of  the  sand  layer  near  the  surface  was  about  1.9  which  is  less  than  3.6  (■$  ).    This  means 

P 

that  the  large  response  of  the  pile  foundation  model  at  t  =  10  seconds  ms  caused  mainly 


by  the  resonsnce  of  the  pile  foundation  nodel  embedded  in  the  sandr  as  illustrated  in  Fig. 
12. 

A  Sumreary  of  Model  Tests  of  Pile  Foundation  Teats 

A  summary  of  the  whole  test  results  in  Fig.  13  shows  the  relationship  between  the 

response  ratios  ^6^'        the  pile  foundation  models  and  the  ratios   (f^/f^)  of  frequencies 

of  input  motions  to  the  natural  frequencies  of  the  pile  foundation  models  submerged  in 

water.    This  figure  indicates  clearly  that  a  comparative  relation  among  the  frequencies  of 

input  notions  f^>  the  natural  frequencies  of  the  pile  foundation  nodels  submerged  in  water 

(f_)  and  the  initial  natural  frequenaies  of  the  ssnd  layer  (f_)  is  fwndaasntal  ia  deteminiiig 

P  9 
the  dynando  btfiavlor  of  the  pile  foundation  aodels  in  liquefying  ssnd  layer.    Since  all  of 

the  tests  sfaoMn  in  Fig.  13  are  the  oases  «heve  f^  is  larger  than  f^  or  f^,  these  tests  can 

bs  divided  into  the  folloviag  three  gxoopst 

(a)    f^  >  f ^  >  f^  (Teste  1  to  3)s    in  these  tester  the  response  ratios  of  the  pile 

foundatioa  models  *  9  v  are  snail  at  the  beginning  of  shaking  as  Indicated  by  hollow  equates 

P 

in  Fig.  13#  and  as  the  sand  layer  begins  to  liquefy,  0   starts  to  increase,  reaching  its 

P 

valus  as  indicatsd  by  black  triangles.    At  this  ■onsnt,  the  sand  layer  has  not 


liqusfied  oonpletely.   And  following  this  noawnt,  $  begins  to  dsersase  and  eventually  0 

P  P 
beoonee  a  snail  value  es  indicated  by  hollow  circles  in  Fig*  13*   These  snail  values  of  0^ 

oorresgpond  well  to  tiiese  of  the  response  ratios  of  the  pile  foundation  nodels  submerged  in 

water.    The  phenomenon  described  above  could  take  place  in  the  prototype  ais  one  of  the 

worst  cases.    Therefore,  the  maximum  value  of  3    in  the  course  of  liquefaction  in  sand 

P 

deposits  should  be  estimated  accurately  in  the  case  of  the  prototype  so  that  this  phenooenoo 

can  be  taken  into  account  in  aseisiaic  design  of  pile  l:oi:indations. 

(b)     f    >  f.  =  f     (Test  4):     In  this  test,  B    simply  increases  from  the  beainning  of 

shaking  to  the  state  of  the  liquefaction  in  the  entire  sand  layer.     The  eventual  response 

ratio  in  the  conqpletely  liquefied  sand  layer  is  as  large  as  the  value  at  the  resonance  of 
r 

the  pile  foundation  nodel  subnwgsd  in  water.   If  there  could  be  such  a  case  where  f «  ■  £ 

*  P 


in  the  prototype,  ssvexe  danagea  oould  take  place,  because  the  raspoose  night  beocae  quite 
large. 
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(c)     f    >  f    >  f.    (Test  5):     In  this  test,  the  tendency  of  the  variation  of  6  is 
g        p        1  p 

Similar  to  that  of  Test  4.     However,  unlike  in  Test  4,  the  eventual  value  of  3    in  the 

P 

completely  liquefied  sand  layer  is  rather  small «  because  the  response  ratio  of  the  pile 

fooBtetloa  Bodtl  sutearoad  in  Mt«r  i»  nail  dua  to  iflia  faet  tbat  tlia  value  of  t./t  la 

1  p 

nneh  1«m  thaik  1.0.    Xn  thia  «■••*  tha  danaga  to  tha  pila  foaiidatlon  wold  ba  Minor. 

BOMavar*  tiila  caaa  would  ba  imUkaly  to  axlat  In  tiia  pvototypa,  bacanaa  tha  valua  of  f 

P 

would  ba  lallar  tiwn      la  seat  eaaoa  in  tlta  pacetotypa. 

SBffLIFIlD  PRDCBDOIIBS  IN  BVALinXXIiG  LIQUBKMCSIOH  FOIBNTIU. 

Fraaent  Statua 

Xn  idta  qpaolfloationa  for  Barthqaaka  aaalataat  Daalgn  of  Highway  Bridges  (Japan  lk»id 
Aaaoelntion  -  1971) »  a  ^paelal  attantien  la  givan  to  tha  daalgn  of  highway  brldgaa  con- 
atruetad  In  aan^  layara  vulnarabla  to  llg^faction  during  aartb^oakaa  and  In  vary  aoft 
cotaaaiva  liQpwra.   Itaa  baarlng  capaeltiaa  of  thaaa  laywra  ax«  naglactad  in  the  design »  in 
ordar  to  aaaura  high  aarthquake  raaiatanea  of  atructuraa  built  in  thaaa  layara.   An  artiela 
"aan^  aoil  uopara  valtiar«bla  to  Liquaf action"  atntaa;   aaturatad  vtxAg  aoil  layara  whldi 
ara  vithln  10  matara  faalow  tha  aotual  ground  aurfaoar  hava  a  atandaed  panatratlon  teat  N- 
valua  laaa  tiiaa  10*  hava  a  eoaffiolaot  of  unifosnity  laas  than  6*  and  also  hava  a  O^^-valua 
of  tha  grain  sIm  aocuaulation  curve  batwaan  0.04  n  and  0.5  nni#  Aall  have  a  high  potential 
for  liquefaction  during  eartfagiuakea*   Bearing  capacitiea  of  thaaa  layara  ahall  ba  neglected 
in  daaign. 

Saturated  sandy  soil  layers  which  have  a  D^^-value  between  0.004  and  0.04  mm  or 

between  0.5  and  1.2  mm  may  liquefy  during  earthquakes,  and  shall  be  given  an  attention. 
Estination  in  'the  case  shall  be  nuide  in  accordance  with  the  available  Information  on 
liquefaction  problems. 

When  a  special  investigation  is  performed,  the  above  arcicie  may  not  be  required  to 
apply. 

on  tha  other  handf  it  la  well  known  that  atanterd  penetration  K-valuea  aay  vary 

ccnalderably  dua  to  the  variation  of  the  grain  size  of  aand  dapoalta.    For  emuvle*  it  la 

a  general  tendency  that  in  ao-oalled  alluvial  aandy  dapoaita,  n-valuaa  are  eoaaidarably 

large  for  gravelly  aand  dapoaite  and  are  quite  anall  for  ailty  aand  depoaite.  Therefore* 

it  can  be  eaaily  auppoead  that  N-valuea  do  not  hold  a  oonatant  value  even  for  tiie  oases 

where  the  ^pnanlc  ahear  atraagtiia  are  oonatant.   fhe  difference  of  W-valuea  in  the  two 

caaae  would  be  caused  ky  the  other  aoil  pccpertiea  eucb  a*  tiie  grain  alee  rather  than  the 

dynanie  ahaar  strengttia.  Aoooidingly*  if  an  idwfttioal  oritieal  N-value,  say  10,  la  iqpplied 

to  all  types  of  sand  dagposits  in  evalutlng  liquefaction  potential,  this  critical  N-value 

may  be  too  small  for  gravelly  sand  deposits  and  may  be  too  large  for  silty  semd  deposits. 

For  these  reasons,  it  is  specified  in  the  above-mentioned  specifications  that  the  uniformity 

coefficient  U    and        -value  should  be  taken  into  account  in  the  evaluation  of  liquefaction 
c  20 

potential  in  addition  to  the  N-value.     However,   it  has  become  clear  recently  that  there  is 

no  evidence  that  the  U  -values  of  sands  have  a  definite  relation  to  liquefaction  potential. 

c 

Furthennore,  it  seems  that  the  D^^-value  specified  in  the  above-mentioned  specifications 
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ar«  not  alwnya  pnipar  m  «n  Intat  ri9pr«««»tiag  grain  aiia  for  tlM  avnl«ation  of  liquafactlon 
potential. 

Tor  thaaa  x«aaonB#  tha  praaaat  atudy  diacttaaas  tiia  ralationahlp  amag  atandard  pana- 
tratiofi  M-valtMSt  grain  aise  distribatlon  duuracteristics  and  dynanic  abaar  strangtha 
utaiflh  tiara  obtainad  from  dynanic  triaxial  taata  on  undiatuxbad  aandy  aanplaa.    It  i«aa 
found  from  the  relationship  that  the  critical  N-value  in  the  evaluation  of  llqnafaotion 
potential  could  be  smaller  for  sand  deposits  with  small  grain  aiaaa* 
Dynamic  Trieixlal  Tests  on  Dndistturbed  Sandy  Samples 

Sai^pling  of  undistrubed  sand  samples  and  standard  penetration  tests  were  performed  at 
two  sites,  i)  Akebono  -  Tatsumi  ^ite  and  ii)  Haneda  Site.     Both  sites  are  along  the  Bay  of 
Tokyo.    A  typical  boring  log  at  Akebono-Tatsumi  Site  is  shown  in  Fig.  32.  Undistrubed 
samples  were  secured  by  a  reformed  Bishop  sampler  in  which  the  inner  diameter  of  the 
sampler  is  5.4  cm  and  the  length  of  the  sampler  is  65.0  cm.     ianJ,  ^aitiples  witi.  ^cw  contents 
of  fine  soils  were  frozen  at  site  by  dry  ice  to  avoid  disturbeuices  which  may  be  caused 
during  tba  transportation  from  tha  sita  to  tha  laboratory  for  taating.    Silt  Banplas  wara 
not  froaan  to  avoid  tlia  diatnetaaea  doa  to  volwa  aKpaaaion  cauaad  fey  fraasing.   Figa*  IS 
through  18  ahov  ^nPi<»i  grain  aiaa  analyaia  curvaa.   Alnoat  all  aand  aanplaa  aacurad  ara 
fina  aania  with  D^^  laaa  than  0*3  an  and  wiUi  higb  contanta  of  fina  aoila  laaa  than  0.074 
am. 

Dynaaio  triaxial  taata  ware  oonduotad  on  aaaplaa  with  tha  diaaatar  of  5.0  at  and  tba 
baight  of  10*0  en.    Jij^pliad  iaotropioal  affaotiva  eonfinlng  pcaaauraa  wara  aqual  to  iaaitu 
affaotiva  ovarbnrdan  praaanraa  and  anough  bade  ^Maauraa  wara  applied  to  naka  tiia  ,81iaiapton*a 
B^valua  larger  than  0.96  (Fig.  19) .   Figa.  20  and  21  ahoir  troioal  teat  raaulta  uhicb 
deaeriba  tha  ralationahlp  betuam  the  applied  atraaa  ratio  and  tha  nuabar  of  rapetitiona 
in  both  Maea  of  uadiaturbed  aaaplaa  and  diatncfaad  aaaplaa.   Diatnxbad  eanplaa  ware  aada 
by  pouring  raiapletaly  dlatuadjed  de-aired  saturated  soils  whitih  wara  nade  from  undisturbed 
aaaples  into  a  mold.    It  is  seen  from  this  figure  that  the  strength  of  disturbed  aanplaa 
is  smidler  than  those  of  undisturbed  samples  for  the  sane  density.    In  thia  atady,  tha 
dynanic  shear  atrength  in  dynaalo  trlaiclal  tests  was  defined  as 


^dr 


a 

the  stress  ratio  ("2^^  when  the  simple  amplitude 
o£  axial  strain  Ae^(§A)  becomes  3%,  at  the  nuabar 
of  repetitions. 


The  value  of       uare  read  off  fron  tha  ralationahlp  bataaan  «nd  tlM  niHbar  of 

rapetltioaa.   Fig.  22  IndieatM  a  ralationahlp  batveen  dyni^nio  ahear  atrength  of  undiaturbad 
aanplaa  and  ^t  of  diaturtaed  aanplea  (obtainad  froa  Figa.  20  and  21) . 
Dynai^e  Shear  Strength  (T/ajl^^  Gonparable  With  Egmanic  Shear  straaa  Katlo  (Vo^)^ 


Oynanie  ahear  atraaa  ratio  I'^/o^,)^  lALA  ara  indooad  in  grounda  by  earthquake 


defined  aa  the  waalmMB  ahear  atraaa  ratio  in  tha  oonpotad  tlaa  hiatory  of 
m  ratio  T/o  »  at  tha  depth  of  intaraat.   Barthquake  reaponaa  analyaia  of  grounda  11 

V 

by  tha  aava  propagation  theory  with  tha  aqaivalent  liaearlaation  aathod  with 
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r«sp*ct  to  tefocwitiaa  pvopertlm  of  boIIs.    2n  this  atud^*  vmSmrgrovBA  aoeelaratlofi 
wan  ttsad  as  Input  bass  notions,   fha  imyfiwi  aooslaratlon  In  tt»  ooivatatlons  was  takan  as 
150  gals  at  the  bass  (assunad  at  ths  daptfa  of  127  a) . 

In  evaluating  liquefaction  potential,  tbs  HjpumLc  shear  strength  should  be  comparad 
with  the  dynamic  shear  stress  ratio  due  to  eeurthquake  Tnotions  (See  Fig.  14).    In  this  pro- 
cedure, to  obtain  the  dynamic  shear  strength  ^'^'^'^^•^  i  which  is  compared  with  the  computed 
dynamic  stress   (T/a^,)^,  some  corrections  should  be  made  on  the  dynamic  shear  strength  R^, 
which  are  obtained  from  dynaaiic  triaxial  tests.    These  corrections  are  ei^ressed  as* 

(1)    C^^t    This  Is  tbs  ooExwetlen  factor  for  confining  prassura.    m  tbla  stu^,  ths  insltu 
aaxth  prassura  at  nat^  1^,  was  astiaatad  to  ba  around  0.5.    m  this  oasa,  tha  affactlva 
naan  principal  strass  in  tba  Insltu  strass  oondltlon  baoonss  <1  ♦  2  1^)  ■  trtisra  a^, 

is  tiia  affaatlva  ovarburdan  prassura.   On  tbs  otbsr  band*  tiia  affaetlv*  nssn  prinelpal 
strass  in  dgmmia  triaxial  tssts  Is  O^t  as  shown  in  Pig.  19.   As  It  was  sbown  by  lablhsra 
and  Li  (1972)  that  dynamic  shear  strsngth  of  sa^plas  undsr  stress  condition*  vitb  dlffarsnt 
values  should  ba  avaluatsd  for  tha  sans  affaetlva  nsan  principal  strasSf  tba  eorraeticn 


factor  C. 

n  3  3 

(ii)  CjS    This  is  the  correction  factor  for  wave  form  of  loading,    while  actual  earthquake 
motions  are  random  with  respect  to  time,  the  loading  wave  forms  used  in  dynamic  triaxial 
tests  were  sinusoidal  with  constant:  amplitudes.     According  to  Ishihara  and  Yasuda  (1972) , 
tha  value  of      ranges  from  1/0.55  to  1/0.7,  in  which      has  a  larger  value  for  a  shocdc- 
typs  earthquaka  notion  and  has  a  sasillar  valua  for  a  vibration  ^fpa  ona.    In  tbla  atudy*  a 
nadarata  valua  aqaal  to  1.5  was  adaptad. 


(Ill)    c^:    This  Is  the  onnrectlon  factor  for  tha  affect  of  disturbance  which  are  inevlt- 
able  in  tha  procassas  of  sanpllngf  fraasing^  transportation  and  tasting  procsduras  in 
dynanio  triaxial  teats.    It  osn  be  supposed  that  tbs  dynsnlo  shear  strsngtii  of  soils  matf 
decrease  due  to  these  disturbances.    Fig.  22  shows  the  relationship  between  the  values  of 

of  undistuxbed  sasples  defined  by  Hq.  (4)  and  tboss  of  ooapletaly  disturbed  ssqples.  It 
is  clearly  seen  from  this  figure  that  the  difference  between  two  values  is  too  large  to  be 
neglected.    Therefore,  it  seems  that  the  value  of       should  be  largttt  than  1.0.  HOwavar, 
at  present,  the  precise  value  of       can  not  be  evaluated. 

(iv)  C.:     This  is  the  correction  factor  for  the  effect  of  the  densif ication ,  which  are 

4 

also  inevitable  during  the  above-mentioned  operations.     In  fact,  some  densif ications  were 
observed  in  samples.    As  denser  sand  samples  have  larger  dynamic  shear  strengths,  can 
be,  in  general,  less  than  1.0.    Considering  that  densif ications  of  samples  are  caused  1^ 
disturbances  during  operations,  it  was  estimated  in  this  study  that       *       ■  1.0. 

(v)  c^:    ThLa  is  the  correction  factor  for  oeapsnsating  the  effects  of  directions  of  exel- 


tation.    Although  the  precise  value  of      can  not  be  evaluatedi  here  It  1*  assoasd  that 


•  1.0. 
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Bvantattlly«  tte  pacoduct  of  all  ttm  occraotion  taatocm  bacana  About  1.0.  tbaraforor 
In  this  atudy  tha  dynamic  ahaar  atsangth  waza  obtainad  as 


(T/0^,)j^  =  Rj^  (7) 

TO  aatiaata  the  value  of  {T/a^r)^  at  tha  point  where  only  the  M-valuea  ok  both  tha  M- 
valuaa  and  other  aoil  pxopertiaa  each  ae  naan  grain  aiae  and  oontmts  of  fine  aoila  vara 
obtained  but  no  undistucbad  aaavlas  ware  available^  tha  ralatlflnahip  aaMog  (T/O^r)  ^-values* 
M-valuaa  and  aoil  pxopw^  para— tare  Aould  be  astabliahad.   In  this  study,  it  was  sveposad 
Oat  (T/0^#)|^'VBlues  can  be  repreaented  aa 

in  which  N  means  the  standard  penetration  test  N-value,  S  denotes  the  content  of  fine  soils 
(<  74p)   in  percentage  and  D^^  denotes  the  mean  grain  size  in  rm.     As  a  great  deal  of  dynamic 
triaxial  tests  on  clean  sands  have  been  conducted  at  various  laboratories,  it  is  necessary 
to  establish  the  method  of  evaluation  of  clean  sand  deposits  as  the  first  step.    For  this 
purpose,  insitu  relative  density  should  ba  evaluated.    As  an  indiract  method,  Meyerhof  (1957) 
proposed  the  following  equationt 


where  D     is  relative  density  in  percentage,  N  is  the  standard  penetration  N-vaiue  and  0  ,  is 
the  effective  overburden  stress  in  kg/cm  .     This  equation  was  proposed  on  the  basis  of  the 
test  results  on  cleaui  sands  by  Gibbs  and  Holtz   (1957) .     Figs.  23  and  24  represent  the  com- 
parison between  the  relative  density  obtained  from  eg.   (9)  and  that  obtained  directly  by 

D    ofe     -e^k     -e  .  iwhere  the  values  of  void  ratio  e  were  obtained  froai  undisturbed  sand 
r      max  ^'nax  ain< 

samples  by  a  raftanad  Bishop  sampler.    These  aaiqplings  were  perfonMd  at  Kawagishi-cho, 
Nilgata  City  by  the  Japanese  Social  of  Soil  Meehanies  and  Vonndation  Bnginaaring  (1976) . 
1!ba  values  of        and  e^  were  obtained  on  ooaplataly  dlstoxbad  air-dry  saaplas.  lhaaa 
figures  indicate  that  the  value  of  tiia  relative  denaity      obtainad  by  eq.  (9)  ia  alooat 

Idantioal  \AOi  that  obtained  directly  by      -  •   '^9*  25  aheH*  tha  rala- 

r        nax  max  min 

tlondiip  betwaen  the  C^fnmLo  ahear  atrength  froa  djpnaaio  triaxial  taata  on  olean  sanda  with 
no  fine  aoUa  laas  than  0.074  an  and  tiw  relative  danaitUa      «  'Snx'^^^^Vax'*ain' ' 
teets  ware  ooadnoted  at  various  laboratevias  aa  listed  in  nble  3.   The  average  relation- 
ship aaong  data  plots  in  Fig.  35  oan  be  rapreaantad  by 


-  0.0042  (10) 

where  D    denotes   (e      -e)/(e      -e  .   )  in  percentage.     If  there  is  not  a  large  difference 
r  max  max  nin 

between  the  strength  of  an  undisturbed  clean  sand  and  that  of  a  completely  disturbed  clean 

sand,  the  dynasiic  shear  strength  (T/O  , ),  can  be  estimated  by  the  following  procedure: 

V  Mi 
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Witf^f)  ♦       -  21  /^XZI  («q.  <»))  ♦       -  0.0042        (aq.  I0» 

♦  (T/ay,)£  -  Rj  <«q.  <7)) 

Fig.  26  shows  the  relationship  between  ("^/^y'^i  obtainted  by  dynamic  triaxial  tests  on 
undisturbed  samples  which  were  conducted  in  this  study  and  the  value  of       ■  21*^/ (a^,  +  0.7) 
It  can  be  clearly  seen  that  the  {J/c^,) ^-D^  relationship  of  silty  find  iandsiwhich  were 
tested  in  this  study  is  quite  different  from  the  average   (T/a  ,)  j,-D^  relationship  of  clean 
sands.     Therefore,  it  seems  that  the  direct  application  of  eq.    (11)  to  this  case  gives  con- 
siderably under-estimated  values  of   (T/O  ,),. 
Estimation  of (r/a^,) ^  -  Values  at  Akebono-Tatsumi  Site 


The  values  of  {j/a^,) ^  at  the  site  of  Akebono-Tatsumi  were  estimated  by  the  following 
procedure,  because  it  was  fo  ,n;l  that  eq.    (11)  could  not  be  applied  directly  to  this  case. 

(a)  (T/a^, )  j^-values  were  obtained  as   (1/0  ,)^,  =  F  ,  at  the  points  where  undisturbed  saaples 
were  obtained  and  the  values  of  R^^  were  obtained  by  dynamic  triaxial  tftf,ts. 

(b)  (T/0.  ,) ^-values  at  the  points  where  only  N-values  were  measured  and  no  other  information 
is  available  were  estimated  as  follows: 


«".",.'  "  "r  -  »  <a  .  «  0.7 

♦      •  0.21  ♦  0.0021       (aq.  tt3)  ♦  "  f)) 

•  0.21  ♦  0.0021  .  as) 

B«.  (13)  xi!px»Mnt«  tlw  «v«e«g«  tmltltiaatMp  of  th*  tMt  d«t*  inm  tlii»  fttodar  md  tlw 
«vwc«9»  ralatioiMhip  la  dhoim  ia  rig.  26. 

(e)    (T/o^#)|^-valua8  at  tlia  polnta  whare  N-valuas  and  grain  aiaa  analysis  eurwas  of  tbn 

samples  were  obtained  were  estimated  as  follows.    First,  it  was  supposed  that  the  reason 

why  the  (t/O^, ) ^-values  of  sands  tested  in  thi«?  Rtudy  aro  larger  than  those  of  clean  sanda 

for  the  sanie  value  of  D    "  21/n/(0  ,  +  0.7^    it   ^hat  sanh;  tested  in  this  study  are  fine 

r  V 

sands  and  include  fine  soils  less  than  0.074  mm  to  some  extent.    Therefore,  VR^  was  defined 
as  the  difference  in  the  dynamic  shear  strength  {x/0  ,)    -  R^^for  the  same  value  of 
bet%feen  the  val>jc-  of  the  data  obta^^ned  in  this  study  and  the  average  value  of  clean  seinds. 
This  definition  is  illustrated  in  Fig.  27.    As  almost  all  of  the  samples  tested  in  this 
study  were  fine  sanda  vhara  tba  mean  grain  alse  D^^  were  less  than  0.3  an,  only  the 
OQggalation  batmrnn  tha  I]il£-irBliia  and  tha  oentant  of  f  laa  aoils  mm  rnnmintA  as  sboim 
In  Fig.  28.   milla  ttaara  la  a  wida  acattarlng  In  tha  plota«  It  nqr  ba  aaan  fca«  this  flgon 


that  DRj^-valoaa  Inecaasa  with  lacMaaa  In  tha  centant  of  f laa  aoUa  (S) ,  Vhla  ralatlonihip 
■ay  ba  aavrasaad  aa, 

-  ("i  -  0*0033"  "  0.00756  <  0.175  <14) 
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f)MK«£ox«,  tha  (T/OyJ^-vmliMa  in  this  om  %mxm  ttstlnatad  as  followai 

(T/o^,)j^  ■  t<VOy»)ji  by  •q.  (ID)  +  ilXt/o^,)^  by  aq,  (14))  (15) 

Oaaparlflcm  Between  (Vo^J^  and  (t/q^,)^^  at  Akebone-Tatsani  Site 

Firstly,  tne  critical  N-value  =  10  sp<icified  in  the  specifications  for  the  Earthquake- 
Resistant  Design  of  Highway  Bridges  were  evaluated  as  follows.    In  Fig.  30  shown  is  the 
value  of  ('^/^y')^  which  was  calciilated  for  a  point  at  JUcebono-Tatsumi  site.    In  this  calcula- 
tieoi  tlw  atximm  acoelearatiOA  *t  tha  bM*       taken  a«  ISO  gals  and  towe  diffecent  aartli- 
Viika  notions  raoovdad  at  tha  daipth  of  127  a  near  this  aite  ware  atilisod.   Also  shoHn  in  -i 
this  figure  are  tha  values  of  (T/o^*}|^  which  were  obtaiaad  fro*  eq.  (11)  on  the  assuivtion 
that  the  ii<^alneB  at  this  aite  were  10  inmqpeetiva  of  depth  and  tha  aanda  in  thia  point  iiara 
olaan.    Vharafora,  tha  iynmiie  ihaar  etreogth      of  thaaa  sands  can  ha  obtained  fron  aq.  CIO) . 
It  can  be  aaen  fxoB  Fig.  30  that  the  value  of  (T/o^r)|^  obtained  as  above  are  aXaoat 
idantioal  to  the  value  of  (T/o^#>^  fior  the  entire  depth  of  interest.    TheraSore,  ie  was 
evaluated  that  tha  eritical  M-value  of  10  is  a  proper  value  for  clean  sand  dapoaits  with 
value  of  (T/0^t)^  which  wen  eatiMtad  in  this  study. 

Saoandly«  tha  values  of  (VOyfJj^  obtained  hy  aq.  (11)  using  tha  naaaurad  M-valoes  and 
O^r  wsra  oo^pacad  with  tha  calculated  values  of  (Vo^r)^  ss  «hown  in  Tig.  31.    It  can  be 
seen  firaai  this  figure  that  the  overall  values  of  (T/9„r),  are  less  than  those  of  (T/Qt  «)^. 
This  means  that  this  deposit  may  liquefy  during  severe  earthquake  aotions.    HowevuTf  aa  eq. 
(11)  is  based  on  the  test  results  on  clean  sands,  this  concltision  may  not  be  proper. 

Therefore,   (T/0^' ) j^-values  were  estimated  by  the  three  methods  (a),   (b)  and   (c)  pre- 
sented earlier.     In  Fig.  32,  black  squares  represent  the  (T/a^# ) j^- values  obtained  by  the 
method  (a),  hollow  circles  and  triangle  circles  represent  the  (t/O  ,). -values  obtained  by  the 
method  (b)  and  horizontal  lines  represent  the  ranges  of  (T/o^, )„ -value  obtained  by  the 
method  (c) .    And  the  hatched  zone  shows  the  estimated  range  of  (x/o^,)j^.     It  can  be  seen 

from  this  figure  that  the  estimated  values  of  (i/o  ,),  are,  in  general ,  larger  than  the 

V  * 

astinatad  values  of  (t/o^,        This  conclusion  is  rather  different  frosi  tiiat  which  can  be 
derived  fron  Fig.  31.    Vhia  neans  that  when  the  liquefaction  potential  of  sand  deposits  are 
evaluated  en  the  basis  of  dynanic  triaxial  tests*  these  tests  should  be  conducted  on  undis- 
tuxfoed  sanples  if  thsse  samples  include  nuoh  fine  soils. 

An  additional  survey  was  perfoxned  at  the  Raneda  site.   Itae  data  obtained  froM  this 
survey  were  added  to  those  of  tha  Akebono-Tatsuai  site  as  shown  in  Fiqs.  33  and  34.    In  these 
figures,  data  with  letters  A  means  those  of  the  Akebooo-vateuel  eita.    It  is  seen  fven 
these  figures  that  the  general  trend  is  alnost  simllarfor  both  sitae. 
Bhe  Critical  W-valuas  Baaed  _on.  Pynaaie  periaxial  Tests  on  Otodisturbed  Band  Sai^les 

Fig.  33  shows  the  relationship  between  the  dynamic  shear  strength  of  undisturbed  saaples 
R.  and  the  relative  densl^  D   ■  21  /  N/o  ,  +  0.7  obtained  by  using  N-values  and  insitu 
effective  overburden  pressures  o^, .    On  the  basis  of  this  relationship,  the  critical  N-values 
were  determined  for  fine  sands  with  different  content  of  fine  soils  as  follows.     It  should 
be  noted  that  the  almost  mean  grain  diameter  D--  of  sands  tested  are  less  than  0.3  mm. 
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TharefoTttf  the  foUawlng  dlBCOMions  can  fa*  qppllad  only  far  sands  with  Dg^  l«s»  thmn  0.3 
Mills  th«rs  is  a  laxgs  scatter  in  tlis  data  shaum  in  Fig.  34,  the  average  relationship  of 
these  plots  csn  be  raipresented  oiMiaerv«tively  as: 

DR^  •  0.0035S  (16) 

ilh«r«  a  denotes  the  content  of  fine  eoils  in  percwtage.  7hm  mine  of  ia  zeipiresented 
as: 


R,  -  0.0042  X  21  /-     ?  ft  J  ♦  0.0035  S 
*  0  t  +  0»7 


-  0.0882  /  -  7-s-r-  +  0.0035  S  (17) 

To  obtain  the  relationship  in  fine  sands  with  D^^  less  than  0.3  mm  between  the  critical 
N-value  for  the  evaluation  of  liquefaction  potential  and  the  content  of  fine  soils,  the 
critical  N-value  of  10  was  selected  as  the  value  for  clean  sand  deposits  with  O  '  =0.5 
kq/cm'".     This  value  was  evaluated  frcan  the  above-inentloned  specifications.     In  the  specifi- 
cations, it  is  specified  that  saturated  sandy  soil  layers  within  10  id  of  the  actual  ground 
surface  and  with  a  standard  penetration  test  Upvalue  less  than  10  may  be  vulnerable  to 

2 

liqiiefeetion,    Thereforef  as  the  mean  value  of  0  ,  fox  thie  san^  soil  layer,  0.5  kg/on 


selected.    If  this  eritieel  N-value  of  10  can  be  applied  to  clean  aand  deposits  like 
those  at  Hiigata  City,  the  standard  value  of  Rj^,  R^^,  can  be  obtained  by  sttetituting 
M-10,        »  0.5  and  S-^O  into  eg.  (17)  as 

Rjj^  -  0.255  (18) 

Next,  by  substituting  R^"  0.2S5  and  O^,  *  0.5  into  eq.  (17),  the  relaticniAiip  betweMi 
the  critical  iHvalue  for  sands  including  fine  soils  and  the  content  of  fine  soils  S  can 
be  ei^essed  ast 

N  -  0.00189  (72.9  -  S}^  (19) 

From  eq.   (19),  the  critical  N-values  for  various  values  of  S  can  be  obtained  as, 

N  =  10  for  S  =  0%, 

■  -  7.5  fbr  8  -  10«, 

H  •  5.3  for  S  -  20«, 

H  -  3.5  for  S  -  30%  ana 

K  -  2.0  for  S  -  40%. 
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Ttom.  tlMM  VAliiM,  tha  dsaigii  oritlol  N-v&lufts  for  sand  d^oalta  whose  D^^-valuoB  ara  laaa 
than  0.3  on  can  ba  tantatlvaly  propoaad  as. 


M 

10 

for 

s 

0  -  10%, 

N 

m 

7 

for 

s 

10  •  20%, 

H 

S 

fog 

s 

20  «  40%  and 

M 

3 

for 

s 

40  -  60%. 

Sinea  thMO  valuea  ware  obtained  froa  tbe  aaall  nuabw  of  field  data,  nore  reaeardi 
is  neceasaxy.    Theeefbce,  the  critical  M-values  reconiended  for  design  pnxpoees  should  be 
detenolDed  after  nore  field  data  are  aceuvaiatad* 

CONCLUSIONS 

Dsrnaxie  btiMVior  of  pile  foundations  in  liqusfying  aoil  deposits  is  ooosiderad  to  be 
one  of  aoil-atructure  interaction  preblans  during  earttaquakea.    As  ttdm  problsai  is  very 
oospllcated,  only  qiialitative  results  can  be  derived  from  the  eiverivental  tests  oonduetsd 
in  this  study.    The  following  rsoarks  can  be  wide. 

(1)  since  liquefaction  phenooMiiA  progress  with  respect  to  tiam  end  with  respect  to 
space,  the  effects  of  liquefied  sands  on  the  piles  vary  as  functions  of  time  and  sapce. 

It  can  be  normally  recognized  that  the  response  o£  a  pile  foundation  with  a  normal  rigidity 
is  small  during  earthquakes  before  liquefaction  initiates.    The  response  increases  abruptly 
after  liquefaction  begins,  and  decreases  when  complete  liquefaction  takes  place.  During 
the  complete  liquefaction,  soils  behave  as  heavy  liquid,  and  piles  are  subjected  to  hydro- 
dynamic  pressures  due  to  the  liquefied  soils. 

(2)  The  relationship  among  the  natural  freqtjency  of  the  pile  foundation  supported  by 
the  surrounding  soil  deposits  before  liquefaction  initiates,  the  natural  frequency  of  the 
pile  foundation  suhmerged  in  completely  liquefied  soils  and  the  predoninant  frequency  of 
input  motioB  is  tile  eost  iavortant  factor.   Dynamic  bahavior  of  pile  foundations  in  the 
course  of  liquefaction  of  sand  layers  will  be  considerably  effected  ty  tfaia  relationship. 

(3)  Mbile  the  ooavlttte  liquefaction  continues «  the  soil-pile  foundation  system  behave 
as  a  aulaergad  atrueture.    Since  its  natural  frequency  beccaieB  snall«r,  it  nay  reacnate 
when  subjected  to  asisaic  Botion  with  longer  periods.   Accordingly  it  will  be  inportant  to 
assess  ths  oonpononts  of  longer  periods  Involved  in  induced  seisnic  motions. 

Vor  sinplified  procedure  in  evaluating  liquefaction  potential,  critical  N-values  ere 
proposed  on  the  basis  of  dynamic  triaxial  tests  on  undisturbed  sanplee  and  the  standard 
penetration  tests. 

While  additional  research  works  ere  necessary,  the  tentatively  propoaad  critical 
N-values  for  sands  %rtiose  0-.-values  are  less  than  0.3  lai  area 


N 

10 

for 

the  content 

of  fine  soils  S  =  0  to  10%, 

N 

7 

for 

S  -  10  - 

20%, 

N 

5 

for 

S  -  20  - 

40%, 

N 

3 

for 

S  -  40  - 

60%. 
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p|g«  7     Variation  of  Response  of  Pile  Foundation  in  the 
course  of  Liquefaction  oi  Sand  Layer  (Test  1) 
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Fig.  9     Variation  of  Response  of  Pile  Foundation  in  the 
course  of  I^iquef action  of  Sand  Layer  (Test  4) 
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Fig.  12        Estimation  of  Apparent  Natural  Frequency  of 
Pile  Foundation  Model  Embedded  in  Liquefying 
Sand  Layer  (Test  1) 
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Fig.  15        Typical  drain  bize  Accumulation  Curved 
(Ak«bono,  fUdaimad  Sand  Layar) 
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Fig.  19      Streee  Conditian  in  Dynamic  Triexial  Teete 


IV-146 


Digitized  by  Google 


OS 


I  I  '  r 


Undisturbed  Samples 
%>4.0l|/tm< 


0.4 


o 


2  a. 


UtiSAl  *3« 


Disturbed  Samples 
Or. 

Dr  i76  4  %' 

*  Mean  relative  density 


turbea  &ampies  o< 
rc'>e.4ii«/ai*  \ 


(Content  of  Fine  Soils;  20%) 


100  200 


Tig.  20 


S         10         so  90 
NuMber  of  Repetitions 
Typical  Dynamic  Triaxial  Test  Re  suite  <Akebono) 


500  100 


a5 


I  III 

TatSUBi  T-2   <  -4.W— 5.40»») 


Ol4 


H 

at 

.2  0.2 


Undisturbed  Samples 

Oi'  tO.«fe(lM> 


"»<re 


("9  0  fnott(k'*ii 

]  ■  O    A€a  (SA)s  I  % 
♦  O   a€B  (SA):  3% 


Disturbed  Samples 
9£  «0.C  MAR* 


u 


0.1 


Oip  •00 

0r«fi«.8%* 
*  Mean  relative  density 


u  .-  Oj 
A€olSAM3% 


(Content  of  Fine  Soils;  11%) 


ao 


20 


90 


ICO 


200 


SCO 


Nu^er  of  Repetitions 


Fig.  21       Typical  Dynamic  Triaxial  Test  Ileeults  (Tatsumi) 


IV-1A7 


Uiyitizea  by  Google 


T2 


»Ar.2' 


0       0.1        aa       0.3       a4  as 
Value  of      of  Undisturbed  Sanples;  R/  ^ 

C^«a  (SA)  -  SI.      >  20) 

Relationship  of  Dynamic  Shear  Strength  of 
UadimrlMd  Samples  and.  Disturbed  Samples 


IV-148 


Fig.  Zi  Comparison  between  MeAaured  Relative  Denrity 

Dr  s  ^'»*»r*          X  100  and  Dr  =  2.1  [———-z 

At  Kaw*gial)i-cho«  NiigaU 


IV-149 


Digrtized  by  Google 


J  Relative  Density  Or  t%} 

Sill  and~clay  Sand  Gravei 

P  20    40   60  Bp  CO      10   20   30   40   SO   60   70  80  90 


Fig.  24 


Comparison  botwaen  Ma>»ured  Relative  Doniity 


Dp  .  ^Tn»x-«  ^         and  Dr  « 

*max 

at  Kawagiahi-cho,  Niigata 


.21/  N 


IV-I50 


uiyiiized  by  Google 


Fig.  25       R.  -  D.  Relationship  ot  Clean  Sands 


uiyiiized  by  Google 


Note 

f  « 

ii 

tn 
^l 

-H     «  » 
1 

*• 

Ottawa  Sand 
ASTM  C109 

Kiigata  Sand 

Sengcnyama  Sand 

Niigata  Sand 

Fuji  River  Sand 

Symbols 

in 
Fig  25 

• 

■ 

<] 

<> 

• 

PS 

c-  0 

9>  00 

in 

0    ^  — 

go       «0  <0 

» 

1 

in 
go 

d 

lA  «n 
M  r- 

cf  cS 

t--  t-- 

N  ae 

S  9  S 

to 

N  — 

e>  eS 

0     lA  N 

9  9  8 

'«       «  lA 

3  9  S 

<p 

5 

m 

I 

W 

0 

3 

0 

PI 

lA 
lA 

ei 

M 
• 

n 
e 

CM 

X 

i  *  • 

o> 

n 
e 

0 

0 

e    e  e 

0 

M 

lA      »  «• 
^  « 

"» 

M 

<o 

CM 

0 

e 

0 

Investigators 

JS 

c 
■ 

Lee  and  Seed(1967) 

Lee  and  Fi 1  Ion 

(1968) 

Finn .Picker  ing 
and  Bransby(1971) 

Shibata 

Tanimoto 
(1972) 

01 

.  rt 

°  :i 
B  s 

•'4  B 

oa 

CM 

3:: 

n 

>• 

<« 

w 

m 

JZ 
X 

I* 

M 

n 
t- 
o> 

Itf^l52 


03 


0.2 


0.1 


0  0022 S<OIV«0  00755 

.(OfifcO  I751_ 


0  2P  40  CO  10 

Content  of  Fine  Soils.  S(%} 


Fig.  28     S-D  Relationship 


W-1S3 


Uiyitized  by  Google 
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BMOHQUMOB  mSISOWT  0BSI6H  BkSB>  OH  QMIIND  MOVIOMS  AT  BKSB-ROCK 
Bllidii  Kurltoyaahl*  Chief,  Barthq^ake  Bnglneering  Section 
Kftcifliiln  nmeehlaiaf  B—eeggh,  Engineer »  Burthg^ake  Seetiam 
Pobllo  Wwks  fteeeeroh  Institute 

ABSTRACT 

It  la  generally  kneim  that  d^rnawlc  bahavloirs  of  structurea  are  inf Itienced  by  their 
ground  eeiidlti«A8  and  tiiat  earthquake  gxcrand  notiona  recorded  are  dependent  on  their 
ground  conditiona.   In  order  to  aipaclfy  oomon  Input  earthoiake  notiona  for  design  of  every 
stmotora  en  and  under  groundf  It  Is  uaeful  to  aelect  base-rocks  in  ground*  irtiere  effects 
of  greuids  near  surfaee  are  Mall  enough  to  be  ignored*  as  an  input  tetnlnal  tdMre  aaxth- 
quSke  notiona  axe  to  be  specified*    in  order  to  inprove  aoeh  aeianie  dealgnar  diacasaions 
on  oaoesaary  conditions  of  base-rock  and  on  aeooraeiea  of  baae-roOk  notions  Mtlnated  by 
theoretical  calculations  are  preaanted.   Bartfaguake  reaponeee  of  brldgea  are  also  preaentad 

BBXHOnSt   Analytical  nethodi  baae-ro^i  bridge  feundatlonsi  daoonvolutlon  procedure) 

earthquake  reccrdai  ground  conditionsi  groumd  transfer  funetioast  shear  wave. 


IV-i58 


Digitized  by  Google 


ZMIilODIICnOII 


Advanoas  la  teohnology  woold  aate  It  poMlbl*  to  oonstxuct  huge  stxnetoEM  with  damply 
VKbtMmn  foontatioiw.   m  ttM  oimint  MisDlc  dMigns  of  strttotneas  tfao  mmI  pvaetleo  Is  to 
specify  earthgpaka  notions  at  a  gravity  center  as  an  input  even  in  huge  struaturas.  Bowavarf 
based  on  obaarvatlons  of  underground  aarttaqwake  motions,  the  aartlKiuake  motions  «u:e  not 
uniform  in  grounds.    Therefore,  it  is  necessary  to  take  into  account  such  trends  in  the 
seismic  design  of  structures.     On  the  other  hand,  it  is  generally  recognized  that  earthguaJca 
motions  recorded  are  appreciably  influenced  by  local  ground  conditions.     It  is,  therefore, 
inadequate  to  employ  the  recorded  earthquake  motions  directly,  disregarding  the  differences 
of  ground  conditions  in  the  seismic  design.     One  of  the  approaches  to  consider  such  problems 
is  to  select  a  suitable  widespread  formation  of  the  gro\ind  (base-rock) ,  where  effects  of 
ground  near  the  surface  (subsurface  ground)  axe  small  enough  to  be  ignored,  as  a  oonnion 
input  tavalaal  of  aastliqMaka  aotiona.  nhaii  tb*  aartlkepiaka  ■otlens  at  tha  aalactad  fbcmtlOB 
ara  found  to  ba  indapandant  of  the  propertiaa  of  tha  aubanrfaoa  gzoondf  thmix  Gharactarlsties 
can  ba  dixaotly  eeppagad  with  aacdi  othar  among  variottB  altaa.   Br  pacifying  Ingput  aarthquaka 
notions  at  tha  basa-xocks*  ttia  sidbsucfaea  gveand  Motions  oan  ba  dataxMtnad  basad  on  tha 
aasunptlons  of  vcwazd  ahsar  wave  yggpagations  In  tha  gseonds.   iha  aaxthvaSka  vasponaas  of 
atraoturaa  oan  than  ha  datamlnad  by  appiKoprlata  analytical  nodals. 

Althongh  tha  basa-meka  ara  ganarally  aalactad  basad  on  thaix  gaologlcal  and  soil 
ooodltloas*  it  should  ba  notad  that  thaiy  ara  assantially  aalactad  in  acoozdanoa  with  tha 
oharaotarlatioa  of  aarthgnaka  notlona  vaolflad  thara  (basa-zock  Botiona).   Tha  baaa-vook 
notions  axa  aipaetad  to  be  oaspatod  on  tha  saaa  basis  meng  various  sitas  as  an  Indax 
ajqpceaaing  aalsale  int«asltlaa  eonsldarad  in  daslgn  and  wa  can  aippcopriataly  iaoocporata 
the  silbaiirfaca  ground  oonditiona  ao  aa  to  ^pacify  lapnt  ■otioos  foe  avazy  atzoetura 
flonstructad  on  and  underground  (Pig*  1-1) . 

When  the  base-rock  notions  have  such  conditions,  the  remaining  significant  factors 
which  influence  the  base-rock  notions  would  be  magnitudes  (Richter  scale)  and  epicentral 
distances.     Fig.  1-2  shows  earthqueJce  motions  classified  in  terms  of  such  factors.  From 
an  engineering  point  of  view,   it  is  considered  desirable  to  apply  earthquake  motions  in 
design  which  lie  on  the  dotted  line  in  Fig.  1-2.     The  level  of  intensity  will  depend  on 
the  factors  determined  based  on  the  dynamic  behaviors,  maanltudes,  shapes  of  the  structvures, 
etc.    For  instance,  earthquake  ground  motions  used  for  seismxc  analyses  or  suspensi.on 
bridges  in  Japan  ara  ahovn  in  Pig.  1-3. 

fhla  paper  praaants  tha  ocnditiotta  of  basa-zedn  to  inpcova  aalsaie  designs  baaed  on 
baaa-zodc  notions  and  disciassaa  tha    neourata  baaa-vook  notions  aatinatad  by  thaoratieal 
caleulationa.    Alao,  aarthqpiafca  saispcnsas  of  bridges  are  prasanted  ae  a  manarioal  asa^pla 
to  aatinata  baaa-zock  notions. 

BASS-BOCKS  AND  BASE-ROCK  MOTICWIS 

Assoning  pcopagations  of  ^aar  waves  In  horiscntally  stratified  two  elastic  layers  aa 
ahom  in  Fig.  3-1*  equations  of  notion  oan  be  espireaaed  disregarding  daHping  tezna  as 
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j    I    suffix  fl^MBlng  j  tli  fowtion      <j  *  1,  2) 


:  dMMT  aodttlus  of  j  th  fbmation 
:   Msa  dwwity  of  j  th  fOzwitiaa 

FDurlor  tKansfonatlon  of  Bqi.  (2-1)  glvoa 


(2-2) 


(2-3) 


ifrlttaa 


•olvtlon*  of     .  Ite  g«mr«l  ooltttion  of  iq.  (2-1)  can  bo 


(2-4) 


in  vhleh      and      azo  azbitrazy  conotanta  and  «xprau  aavUtute  of 
idiaar  wavoa  at      -  0*  raapactlvaly.   Datomliiationa  of  tho  eooataata  and 
boundary  condltlona  glvo  tbo  aolution  in  tho  fbni  aot 


r,  =  2  B,  _ 


(2-5) 


(2-«) 


irttorot 


(2-7) 


(2-8) 


Fxam  Bqp.  (2-4)  to  (2-6)  tao  t^oa  of  gzonnd  transfar  functlena  can  bo  dofiaod#  l.o. 


0/B 

svgppooa  tho  frovrad  tranofor  function  r  2(«t)  )m»  dofinod  aa  ratio 


ground  aotiona 


17-160 


I 


L^iyui^LU  cy  Google 


in  the  first  or  second  layers  (v^  or  Vj)  And  the  an^litude  of  upw£u:d  (incidental)  notions 
(B^)*  then  it  can  be  written  as 

„  v*t  ^  

t^t  (2-9) 
ft  (3nd  law) 

O/v 

cmd  suppose  the  transfer  function         20 (u)  be  defined  as  ratio  between  ground  notions  in 
the  first  or  second  layers  (v^  or  v^)  tMA  gxound  notions  at  the  Interface  »2  ~  0  (v^   *  0)  i 
then  it  can  be  written  as  ^ 

cos 

cea-r-  (l«t  layer) 


a  fi/^w  li  

«•>     "     coe<  <2nd  layar) 


Tte  groiiDd  teUMfter  functiona  daflaid  hf  Iqs.  (2-9)  and  (2-10)  cAianga  in  aeoordanoa  with 

tha  parameter  a  as  shown  in  Table  2-1.    It  la  obvious  from  Table  2-1  that  both  types  of 
transfer  functions  in  the  second  layer  are  unconditionally  indajpaadant  with  properties 
of  the  first  layer  when  a  -  0,  i.e.,  the  shear  modulus  of  the  second  layer  is  infinitely 
large    compared  with  that        of  the  first  layer.     It  infilies  that  both  the  incidental  and 
ground  motions  in  the  second  layer  are  independent  of  the  properties  of  first  layer  in 
such  conditions.    Even  in  the  case  when  CL  ^  0,  no  reflections  and  refractions  of  propagating 
shear  waves  develop  in  the  second  layer,  provided  that  the  second  layer  is  uniform  oontinua 
in  grounds.    In  such  conditions  the  incidental  motions  in  the  second  layer  are  independent 
of  the  first  layer. 

It  is  recognixed  therefore  that  the  second  layer  can  be  selected  as  base-rock  in 
•ItiMV  oaae  utan  tha  aacotid  l«par  ia  Infinitely  stiff  as  aetvoAA  vith  tha  f irat  Iiqpar  or 
wiian  tha  aaoond  layar  ia  unifoKm  oontinua  in  tha  ground.    In  tha  foriMr  oondition»  both  tha 
ineidantal  and  ground  flotiana  in  tha  aaeond  layar  can  ba  aalactad  aa  faaaa-rodc  wtiona  ifhUa 
in  tha  lattar  oondition*  only  tha  ineidantal  anrtiona  oan  ba  aalactad  aa  baaa-rodk  Rotiona. 

fha  ground  with  tbm  ahova  oonditiooa  do  net  asciat  in  praotioa.   It  ia  raq^irad  thara* 
§orm  to  rallMia  the  abewa  aeadltioiia  f»eei  piraatical  point  of  view  In  aooovdaoea  with 
objaetivaa  and  aeeuraeiaa  naadad  In  tlia  analyaaa.   For  anqpla*  in  tha  fonnar  oondition* 
inf  luaneaa  of  tbm  f  irat  layer  (atihaarf aca  gzound)  en  Uaa  gvewid.  notiona  in  tha  aaeand  Ityms 
(base-rock  motions)  would  be  controlled  to  be  snail,  provided  that  the  second  layer  is 
considerably  stiff  conparatively  to  the  first  layer,  and,  in  the  latter  condition «^  incidental 
motions  In  the  second  layer  would  be  considered  as  base-rock  motions  as  long  as  the  second 
layer  continues  almost  unlfoxaJy  with  the  depth  idiere  shear  waves  propagate  for  a  period  of 
predominant  notions. 
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ACCURACY  OF  BASE-WDCK  MOTIONS  ESTIMATED 

In  ordsr  to  Obtain  bAse-zodc  ■otlmtB  from  zaoozded  notioM  It  is  raquizttd  to  InooKpor- 
mtm  •ffsota  of  looftl  MbBurface  oonditldns.   A  ona-dlMoaloiMl  analytical  nodal  baaad  on 
vartlcally  ptopagating  alwar  wivaa  with  aqiiivalant  linaar  natariala  is  onrrantly  astabliahad 
Cor  such  puxppaw*    An  aecaracT  of  baia«-rock  notions  caloolatad  tliaoratlcally  by  tlia  daoon' 
volution  srocaduras  was  concolated  with  the  rocordad  undergvovnd  notions.   Three  underground 
wtion  aeoalerations  observed  at  Uklshina  Park  near  lokyo  (Table  3-1)  were  eqployed  for  this 
poxpose.   Thraa  aotioDs  ware  the  BDst  significant  cues  recorded  up  to  the  present. 

underground  Transfer  Fonotlons  Bstinated  f ron  Obaarvatlona 

Soil  profile  at  Ukishlaa  Park  (Fig.  3-1)  consists  of  vvpmr  alluvi»  soft  fOtnations  and 
lower  dilwial  hard  fomatlens  whidi  lie  SO  n  beneath  tlie  ground  surface.    Barthquake  notions 
were  reeosded  at  fOor  polntsr  i*e*f  at  the  ground  surface*  27  n,  C7  n  and  127  n  beneath 
the  ground  surface.   Power  epeetra  were  caleulated  to  estlnate  predeninant  frequencies  as 
shown  in  Figs.  3-2  to  3-4  and  it  was  found  fron  these  results  that  they  are  ^pproadnataly 
4-7  o/s  for  A-eartiiqiiBka  notion  and  IHl  c/s  for  B-  and  C-earthq>iake  notions.    The  fomer 
notion  was  obtained  fvon  vail  aartii^Mke  in  nagnltude  itith  relatively  short  «gpieentral 
distance  while  the  latter  notions  were  obtained  fron  large  earthquakes  in  nagnitude  with 
long  epicentral  distances. 

Qeound  transfer  functions  (amplitude)  between  each  recording  point  were  calculated 
as  shotm  in  Pig.  3-5.    It  is  noted  from  the  result  that  although  the  ground  motions  have 
significant  differences  in  their  predominant  frequencies,  the  ground  transfer  functiOM 
obtained  from  the  motions  are  almost  independent  o£  such  characteristics. 

Ihecretieal  and  istiaated  Ground  Transfer  Fonetiona 

ihe  ground  tranaf er  functions  were  tbeoretieally  determined  by  calculations  based  on 
tiie  deconvolution  procedures.    An  analytical  nodal  was  fomulatad  baaed  on  the  soil  profile 
of  Pig.  3*1.    The  shear  noduli  of  soils  wars  evaluated  by  estlnatsd  shsar  wave  velocities  . 
v^  (i^sec)  baaed  on  a  relationship  with  the  M-valuss  Obtained  by  field  teats  as 

v^  •  60  yS"  (3-1) 

The  shear  moduli  of  soils       determined  based  on  Eq.   (3-1)  correspond  to  the  value  at  low 
amplitude  strain  level.    Since  the  ground  motions  studied  were  very  small,  it  was  found 
appropriate  to  analyze  them  by  using  G^. 

Pig.  3-6  shows  the  comparisons  of  theoretical  and  observed  underground  transfer 
functions.    A  dao^ing  ratio  of  2%  of  the  critical  vsls  assumed  in  the  theoretical  calculations. 

Theoretical  and  Measured  Onderground  Notions 

The  underground  notions  wsre  ces^ted  for  C-earthquake  theoretically  by  specifying  ttie 
recorded  surface  notion.    The  deconvolution  procedure  was  applied  using  the  analytical 
nodal  fOoMilated  in  the  preceding  paragraph.   Pig.  3-7  shows  coaparisons  between  oonputed 
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and  raoordad  undargzound  iRotlona.    Both  aotiona  are  ooaaldarad  to  ba  Ia  Calxly  good  agraa- 
Mnt*    It  MDUld  ba  poaaibla  to  l^rova  tha  ooopntad  aotiona  hf  fonmlatiag  mora  acenrata 
analytical  nodala  baaad  on  sxaelaa  Invaatlgatiana  of  ground* 

Baaad  an  tte  xaanlta  pcaaantod  it  waa  raoogniaad  that  tha  dacemvolution  prooaduras 
basad  on  shear  mve  propagations  axa  af faotiva  in  taking  account  of  local  ground  oooAltloiis 
into  vaoozded  earthquake  Motions. 

MUHERICAL  EXAMPLES  FOR  CALCULATION  OF  BASE-BDCK  MOTiaiB  AMD 
WMflOMig  KBSNMBBS  OP  BRiUUB 

Analytical  Model 

A  diacrete  analytical  nodal  aa  ahown  in  Pig.  4-1  was  fonmlated  to  oaloulata  aarUiquaka 
xesFonses  of  the  embedded  foundation.    The  equation  of  Mttions  of  tha  systsn  can  ba  written 
as 

-p    -•  -p    -P  -p    %  -p 

+  C    (i,  -  u„)  +  K    (u,  -  u„)  -  0  (4-1) 
-9-9-9       -9-9-9  — 

vharof 


^  t  naaa  matrix  of  atructuxa 

M    «  naaa  natrix  of  surxoonding  aoils 

s  dastking  antrix  of  atruetnra 
]^  s  stiffness  vatrtx  of  struetora 
c   t  damping  matrix  aavzassing  radiational  dampings 

K   :  stif fnaaa  aatrix  «qpxaaaing  i^ringa  batMaan  struotura  and  aurrounding  aolla 

u^f  u^i  absolute  diaplaoenent  and  velocity  vectors  of  svtourfaea  gzonad 

in  which  the  subsurface  ground  notions  of  u^  and  are  assuned  to  be  specified.  Denoting 
as 

M  s  M    ••■  M 
-     -p  -e 

£  ■  £p  *  £^  (4-2) 

Eq.  <4-l)  can  be  written  aa 
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Vhs  vwstor  u   can  hm  conviKilantly  deconpoaed  into  a  quasi-ntntle  dlqplaoaBant  vaetor  u  „  and 

•  dyttMlc  diiplncMaat  Ttctor  u 

-pa 

Bjr  dtf inltion  of  qnnai-stnt&e  diifplaoMaaat  in  tte  foro  m 
be  «ritt«n  m 


Substitutions  of  Eqs.   (4-4)  and  (4-6)  Into  Eq.   (4-3)  gives 

H        +  Cu.  +  Ku,-MkS,  +  (C+CK)u^  (4-7) 
— -pfl  — pa    —-pa    — -^-g      -«  s  — g 

UpiMlly  th*  damping  tmxm  oo  tbm  riglit  taind  slds  of  Eq.  (4-7)  is  l«ss  sifnifioant  uoaparing 
vitb  thn  Inrtin  tazns  no  thnt  it  oan  b*  dxcfpad  f van  tli*  •qoatiott  withoat  introducing 
nlgnifioant  nrron.    Than  Bq.  (4-7)  oan  bn  writttta  u 

!t%d*C^*KUp^-M  K^iig  (4-8) 

Iq.  (4*>S)  om  b*  wlvsd  Isy  aodft-supttsositlon  pvoMdvuws  provided  that  tba  danpiag 
Mtrix  on  tlM  laft  band  sida  of  tba  aquation  ia  aaaunad  to  ba  trlaagularinad  In  ttM  sum 
naunar  aa  tha  waa  and  atiffnaa*  Mtrieaa  in  I4w  Com  of  daapln?  rntio  of  critical. 

Numerical  Example 

The  Itajlma  Bridge  Is  «  oomposite  steel  girder  bridge  with  five  siniple  spans  as  shown 
in  Pig.  4-2.    In  thin  nunarioal  aaaqpla,  aarthq^iaka  ra^ponae  of  aeoond  pier-foundation 
of  tb«  bridga  froa  right  hand  aide  una  inv»atigat«d  baaad  on      aarthqualM  aottona  racorded 
on  ground  aurfaca  naar  tha  bridga  (aspcomiaMtaly  400  n  apart  fron  tha  bridga,  refer  to  Fig. 
4-3) .   An  oarthquaka  aotion  acoolaration  aalactad  was  induced  by  Hyuganada  BarthquaJto 
(Jlpril  1,  1960*  N  «  7.5,  A  «  100  m)  and  had  ths  Maximal  aavlituda  of  185  gals  as  Shonn 
in  rig.  4-4. 

Based  on  soil  invBstigatlons  condnetsd  nsar  ths  pisr-fonndation  (Fig.  4-5)  it  was 
found  that  ths  soil  pcof lie  omsists  of  vpper  soft  loan  foxmtions  with  an  averaged  H-valus 
of  7  and  lower  stiff  gravel  fomations  with  averaged  N-values  of  30  or  mors.    Assuming  ths 
rslstion  of  Bq.  (3--I)f  the  relative  stiffness  a  defined  by  Eq.   (2-7)  between  the  loan 
and  gravel  fomations  was  estimated  approximately  as  0.48  for  low  amplitude  ground 
vibrations  and  0.34  for  high  anplitude  ground  vibrations.     It  was  expected  therefore  that 
groirnd  motions  in  the  gravel  formations  would  be  less  significantly  influenced  by  the  loan 
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foxnatlons  during  high  wvlltiite  grouad  vUuratlons.    Tbmur  baaad  on  thtt  rallamd  eritaria 
of  bw-BOcItt  in  the  prBoading  chapter  it  «u  jadgsd  that  th»  gzmvBl  ftanMitions  nndaclying 
10  m  teloit  the  snrfac*  oould  hm  selaetad      bMe-codc  at  this  sit**   On  ttm  ethmr  hand* 
gcound  oonditians  had  not  yat  baan  invMtlgatad  anongh  at  tlw  raeordiag  sita.   Bnaad  on 
topogxnplqr  of  tha  aitas  it  wu  aaaiawd  19kat  tha  graval  fmnationa  axistad  at  tflia  heidga 
aita  oontinuaa  to  tha  raoordlng  aita  and  undarlias  20  m  balow  tha  aorfaoa.   Thin  aaaiqptlon 
ooinoidad  with  tb»  avidanoa  that  pzadoalnaat  f raguanoy  of  tha  gxotind  wu  as^oxlantaly 
3-4  o/a  in  fiald  ■iexotxanoK  otearvatloBa  at  tha  aita. 

ttia  grovnd  mtion  and  Incidental  notion  at  tha  top  face  of  grawal  fiKaatlona  vara  - 
thaoretioally  caleulatad  as  shown  isvigs.  4-6  and  4<4«  taagpaetivalyf  fegr  the  daconvolution 
pxoceduras  taking  into  acoount  the  shear  moduli  of  loaa  fdcMtions  with  tlasir  strain 
dflsandencas.   7ig.  4-7  shows  oonqoarisons  of  response  acceleration  spectrum  between  the 
recorded  surface  motion  and  theoretically  calculated  base-rock  notion  (Fig.  4-6).  The 
pier- foundation  and  surrounding  subsurface  ground  %#ere  modeled  as  shown  in  Fig.  4-9  by  the 
analytical  oiodel  described  in  the  preceding  paragraph.     The  loam  formations  were  idealized 
by  one  diniensional  shear  column  model  with  equivalent  linear  roII  properties.    The  weight  of 
girder  supported  by  the  pier  was  treated  as  an  additional  iunped  .Ttass  at  the  pier  top.  The 
mass  of  surrounding  soils  defined  by  Eq.  (4-1)  was  disregarded  in  the  analyses.  Vibration 
modaa  and  natural  periods  (Ist  -  3rd)  calculated  for  tha  subsurfaoa  ground  and  piar-founda- 
tion  are  ahown  in  Fig.  4>-I0. 

Earthquake  rasponses  of  the  pier*foundation  ware  caleulatad  bused  on  Bq.  (4-8)  fay 
applying  ttia  hasa-xode  Botioa  diqplayad  in  Fig.  4-6  at  tha  base  of  ahaar  eoluaa  nodal*  iba 
daaping  ratio  of  5%  of  tha  oritioal  was  assiwiafl  in  tha  calculation,   lbs  warlsnw  veaponaaa 
of  displaeeswnts  and  acoalarationa  are  shown  in  Fig.  4-11  and  representative  reapooae  tlae 
histories  at  ths  top  of  piar  sra  displayed  in  Fig.  4-12. 

OONCUJSICMS 

Based  on  the  xasolts  presantad*  the  following  conclusions  can  be  dadacadi 
(1}    In  otdar  to  speeiiV  comkni  input  earthquake  notions  for  design  of  every  struetwrs 
on  and  underground  at  various  sitasr  tha  useful  approach  ia  to  aalaet  baae-rodka  la  ground* 
whare  effeeta  of  ground  near  aurfaoe  (aidiBurfaoa  ground)  are  snail  enou^  to  be  ignored*  as 

Idpnt  tscnlaals  whsrs  sarthqualce  notions*  indepandsnt  of  subsurftea  ground 
propartles*  are  to  bs  ^eoified. 

C2}   Foxnatians  considered  can  be  selected  as  base-rodts  at  the  site  either  whan  they 
are  Infinitely  et:iff  as  eonpared  wl^h  the  ovweburden  subsurface  grounds  (a  -  0)  or  %ihen  they 
are  unlfom  continue  in  ground.    Xn  the  former  condition,  both  the  incidental  motions  and  the 
ground  motions  in  those  formations  are  =!plocted  ar,  base-rock  motions,  while  in  the  latter 
condition,  the  incidental  jticili  ns  in  those  formations  are  selected  as  base-rock  motions.  It 
is  required  to  relieve  the  above  conditions,  however ,  from  practical  points  of  view  in 
accordance  with  objectives  euid  accuracies  needed  in  design. 
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(3)     Based  on  the  correlative  studies  conducted  for  the  underground  earthquake  motions, 
daconvolution  procedures  based  on  vertically  propagating  shear  waves  with  equivalent  linear 
material  properties  were  effective  In  incorporating  local  subsurface  ground  coiuUtlons  into 
Mirtiiqttikia  Botioiis  raocwded  on  gxoundB. 

C4}    iba  saindo  analysM  baaed  on  basa-«ook  ■otiona  ware  auooaaaivaly  applied  to  tlw 
Itajlna  Bridge. 
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BASIC  BMnHQCAXB  VOR  OftH  DBSIGH 
Jerry  S.  Oodd 
D.S.  BuTMtt  of  taolanatlon,  Danvax*  Oolonido 

MSTMCT 

Modem  oaqptttatlonal  techniques  pezatit  nathe&atical  dynamic  analysis  of  concrete  and 
WbMlMnt  d«n*  in  the  anMlyeie  ere*    <1>  epecify  loo*tlon,  dsptb*  end  magnitude 

of  eritioal  i^ieeifiGelly  locatod  Mrthqpialws«  <2)  attenuate  eeienlc  wave*  to  eite*  (3)  deter- 
■iae  site  reqionae  to  eeieade  wavea*  (4)  analyse  response  of  strvcturer  (5)  evaluate 
results.    This  dlscnssioa  addresses  the  first  step  and  proiposes  the  esteblishMsnt  of  a 
■inlMuw  earthquake  —  the  basic  earthquake  — >  fmr  damites  in  the  western  Dnitad  states* 

KEYWORDS*    BartliquakeSf  Deasi  pynaBdc  Analysis 
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INTRODUCTION 


Nodttm  co^utational  tMAnlquaa  parmit  natiMBBtical  dynanle  analysis  of  oonerat*  and 
lams.    Stapa  la  tha  aaalyala  arai    <1)  pacify  loostiofi«  dapthr  and  naonltinda 
of  erlftleal  qpoeifleally  looatad  aarthiQMakas,  (2)  attanitata  aalsalc  wavaa  to  slta,  (3)  datai 
minm  slta  ra^oitBa  to  aalaalo  mves*  (4)  analyse  raaponaa  of  stxuoturs,  (5)  evaluate 
results.    Bowevec,  with  re^peot  to  the  first  step,  there  should  be  a  snail  earthquake 
which  is  independent  of  location  emd  which  does  not  control  or  dominate  the  design  of  a 
dam,  and  therefore,  should  be  a  basis  of  comparison  for  specifically  located  earthquakes 
to  determine  if  their  effects  will  exceed  those  of  a  small  earthquake .     Also  this  approach 
permits  during  the  design  o£  a  dcun  a  rational  means  for  the  consideration  of  sraall  earth- 
quakes, which  are  difficult  to  define  as  specifically  located  eeurthquakes.    The  following 
evaluation  is  based  on  information  about  western  United  States. 


SBIATIIOMSBIP  or  BMCIHOmiCB  MMNITIIDB  AND  HITBMSITV 


No  direct  relationship  exists  between  magnitude  and  epicentral  intensity.    However,  a 

general  correlation  does  exist  and  has  been  studied  by  many  investigators.     Derived  rela- 
tionships of  three  investigations   (Gutenberg  and  Richter,   1956;  Toppozada,   1975?  Krinitzsky 
and  Chang,  1975)   are  shown  in  Fig.   1.     Without  violating  the  precision  of  these  equations 
the  relationship  between  magnitude  and  epicentral  intensity  can  be  more  siinply  stated  as: 
M  =  2  +  1/2 

or 

1-2  (lf-2> 

Z  ->  MBdlfiad  MeroBlll  intensity 
h  comparison  of  three  ooonon  Intensity  scales  is  shown  in  Fig.  2. 


EARTHQUAKE  CLASSIFICATION 


A  classification  of  earthquakes  for  engineering  aei 
relationahlp  is  shown  in  Table  I. 


ilogy  incorporating  the  above 


classification 
Micro 
Very  Minor 
Minor 

Moderately  Strong 

Strong 

Major 

Croat 


TABLE  I 

Engineering  classification  of  Earthquakes 


Magnitude  Range 
Up  to  2.0 
2.1  to  2.9 
3.0  to  4.4 
4.5  to  5.9 
6.0  to  $.9 
7,0  to  7.9 
8.0  and  Op 


Epicentral  Intensity 


II,  III,  IV 
V,  VI,  VII 
VXII,  IX 

z,  xt 

XII 
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"Strong,"  "Major,"  and  ^Graat"  haw  bean  uoad  for  sobm  «iB»  hf  tha  Ukiltad  stata* 
Gaologieal  Swrn/jf  to  daaeriba  tha  BagBltada  of  aarthguakaa.   Tbm  taaiatning  olasaiflcatlon 
nonenelature  ia  alao  aqployad  by  tlia  Gaologleal  survay  (N.  Parson,  paraoual  oanmaicatlon) . 
itw  Intonaity  yelatlonship  is  txou  tbe  above  aqnatlon*   "Nido"  earthquakes  axe  not  felt 
and  axe  datactad  only  %fith  Inatnananta.    "Vary  minor*  aarttmoalcea  are  on  the  threshold  of 
hwan  pereelvability.    Tha  elaaslflcatlon  of  "Mljioar"  ia  used  for  thMe  earthquakaa  with  a 
magnitude  range  of  3.0  to  4.4*   These  are  felt  earthquakaa  but  inflict  at  moet  only  alight 
damage  in  the  united  States  and  oorreaporad  to  spioentral  intensities  of  IZ,  III,  and  IV. 
The  "Moderately  strong*  earthquake  is  that  classifioation  betifeen  minor  end  atrong. 

Minor  earthquakes  can  be  considered  as  not  having  associatad  surface  nqptwra  of  the 
ground  surface,  see  Fig.  3.    An  exception  may  be  smaller  earthquakaa  which  occur  on  fanlta 
capable  of  producing  creep  and  moderately  strong  or  larger  earthquakes.    The  magnitude  3.5 
earthquake  shovm  on  Fig.  3  is  an  earthquake  on  the  Imperial  fault  in  California,  which 
earlier  ruptured  at  the  ground  surface  in  1940  as  the  result  of  a  magnitude  7.1  earthquaka. 
Whether  this  3.5  magnitude  earthquake  actually  caused  surface  rupture  is  still  open  to 
discussion.     Shallow  moderately  strong  earthquakes  may  produce  ground  rupture  on  the  fault 
generating  the  earthquake.     Shallow  strong  and  larger  earthquakes  are  very  likely  to 
produce  ground  rupture  on  the  source  fault. 

From  the  study  by  Krxnitzsky  amd  Chang   (1975) ,  it  is  reasonable  to  assume  that  minor 
earthquakes  do  not  possess  near  field  effects,  see  Fig.  4.    That  is,  higher  frequency 
oontent  and  ^wplicatad  wave  forms  generated  xwar  the  earthquake  source  are  filtered  out 
of  the  eeiaaio  signal  by  tlie  time  it  reaohee  the  ground  surf  ace.   K  xeaaonable  oonelueion 
ia  that  a  minor  eerthquake  reaults  only  in  far  field  vibrations  at  the  ground  surfece. 

B&sic  BMfeniQtnKB 

The  basic  earthqviake  is  defined  as  the  miniiauiu  earthquake  considered  in  the  design  of 
a  dam.    It  yields  the  maximum  ground  motion  which  cem  be  e^qpected  for  a  minor  eaurthquake. 
fiecauae  of  unoertaintiee  with  respect  to  the  location  and  ocouarrenee  of  minor  earthquakes  ~ 
primarily  because  of  the  lack  of  good  historieal  and  Instmmantal  data  —  it  ia  prudent  in 
dam  design  to  assume  a  ubiquitous  nature  for  minor  earttaquakea.    In  many  areas  of  the 
western  United  States  it  is  likely  that  ii^osing  the  basic  earthquake  will  be  moxe  severe 
than  the  resulting  site  ground  motions  determined  foam  apacificaUy  located  eerttaquakes. 

The  bedrodc  eheracteristice  of  the  baaie  earthqiiake  ares 

1.  Peak  acceleratlm  of  .10  g. 

2.  Naxiauam  duration  (g  >,  .05  g)  of  8  aec. 

3.  Mo  surface  fault  nvtore. 

4.  No  near  field  effects. 

Krlnitzsky  and  Chang  (1976)  show  that  for  far  field  the  limit  of  observed  data  for 
peak  acceleration  for  an  Intensity  bet%raen  IV  and  V  is  .10  g  (Fig.  5).  Correspondently, 
Gutenberg  and  Richter  (1956)  correlated  an  acceleration  of  .10  g  with  an  intensity  VII 
(Fig.  6).    Employing  the  limit  of  observed  data  from  Krinltzsky  and  Chang  is  conservative. 
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For  rock  the  upper  bound  of  duration  for  accelerations  exceeding  .05  g  for  intensities 
between  IV  and  V  is  8  sec.  as  shown  by  Krinitzsky  and  Chang  (1976)   (Fig.  7).    This  also 
appears  conservative.    Bedrock  can  be  assumed  to  be  rock.    Studies  by  Diike,  et  al.  (1972) 
Coond  that  peak  aoceleratitma  during  the  1971  San  Fernando  earthquake  in  aouthem  California 
1HUM  higher  In  rocka  than  aurficial  d^aits  (bIIuvIib)  £er  40  to  60  fan  txom  ttm  ^^oonter. 

An  engineering  geologic  desoriptlon  of  the  tiuDee  prinary  earth  naterlala  is: 

Bedrock  -  A  generic  t«n  that  eaftMracea  any  of  the  oontlnuous  and  generally  Indurated 
or  ooayaet  earth  naterlal  that  nakea  tip  the  earth's  cruet  and  is  «qpoaed  at  the  earth's 
surface  as  outorops  or  is  covered  hy  surfioial  deposits  or  topsoll. 

Suxfldal  Deposits  -  the  yottng»  generally  loose  and  nornally  unstratified  earth 
Material  ooourrlng  at  or  near  the  earth's  surface  as  a  bsdrodc  cover  and  of  tm>  vajor 
elassesi    (1)  dislocated  and  generally  eroded  or  weathered  bedtodi  ■aterlale  transported 
fay  water,  irlndf  ice*  gravltyr  and  nan  to  another  placCf  and  <2)  aedentary  deceits  ftomed 
in  situ  as  a  result  of  weathering  and  chenlcal  processes  or  by  the  accusulation  of  organic 
■atter. 

Topsoll  -  The  darker  colored  uippex  portion  of  a  soil  profile,  the  organic  layer  and 
organic  rich  A  layer. 

GOV8BIIX1I8  BARXBQOAXB 

Dslng  the  data  f ran  Krinitzsky  and  CSiang  (1975) ,  as  shosn  in  Fig.  B,  a  general  guide- 
line can  be  developed  Indicating  when  the  basic  earthquake  will  govern  or  when  a  specifi- 
cally located  earthquake  will  dominate.    This  is  shown  on  Pig.  9.    Also  shown  is  a  curve 
for  a  peak  acceleration  of  .10  g  developed  from  seismic  wave  attenuation  studies  of  others 
and  depicts  the  most  moderate  attenuation  characteristics  expressed   in  these  studies 
(Gutenberg  and  Richter,  1942;  Housner,  1965;  Blume,  1965;  Kanai,  1966;  Esteva,  1970; 
Schnabel  and  Seed,  1973;  Duke,  et  al.  1972;  Donovan,  1973;  Trifunac  and  Brady,  1976).  The 
actual  attenuation  employed  in  the  dynamxc  design  of  a  dam  is  more  li)cely  to  generate  a 
curve  to  the  left  of  this  curve  rather  than  between  this  curve  and  the  Krinitssky  and 
Chang  curve,   niis  nsans  generally  that  specifically  located  earthgc>k««        to  be  evaluated 
only  within  125  ksi  of  the  daasite.   Also  the  controlling  cpioentral  distances  for  governing 
specif ically  located  earthquakes  for  earthquake  alassifioatioiis  greater  than  magnitudes 
4.4  can  be  eatlnated. 
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ABSnnCT 

KesMreh  activities  In  the  earthquake  aangex  have  been  critically  reviewed.  Many 
reseiurchers  concentrated  on  the  stu^y  of  tlie  past  eartliguake  data  and  statistical  analyses 

of  these  data. 

This  paper  presents  an  application  of  Gumfcel's  theory  of  extremes  for  the  prediction 
of  the  intensity  of  future  earthquakes.    The  paper  concludes  with  a  new  regional  seismic 
coefficient  nap  of  Japan. 

XBYWOBDSt   Bartbgualoe  dangeri  Guntel's  theory  of  extrenes,  literature  ssfvlevi  regional 
seiamie  ooefficient  mapt  statistical  analysis. 
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One  of  the  oost  lipoctant  pmiblenB  in  earthquike  enginoerliig  is  to  pcedlet  etatistlcally 
the  intaittity  of  Aiture  earthquafces  from  the  past  eartiiqpake  datap  alnoe  at  the  preBent 
tine  the  pnelse  aarthqaake  forecast  is  difficult,    in  the  process  of  the  prediction,  the 
aelectlon  of  the  past  earthquake  data  and  statistical  method  of  analysis  are  noat  Ij^portant* 
because  the  available  earthquake  data  are  not  sufficiently  large. 

Many  investigations  have  b«en  carried  out  in  these  two  subjects  in  Japan.  However, 
there  has  been  no  research  on  the  prediction  of  the  intensity  of  future  earthquakes  based 
on  the  theory  of  extremes  developed  by  Gumbel.     This  paper  deals  with  the  expected  values 
of  the  intensity  of  future  earthquakes  on  base  rock  as  well  as  on  the  surface  of  ground  by 
introducing  Gumbel 's  Theory  of  Extremes. 

2.    aBMIRM.  RBVXnr  ON  TRB  BMOtlQaMCe  UtMS3Sk  nr  JXMM 

The  earthquake  danger  in  a  certain  place  may  be  defined  by  the  seismic  activity  in 
the  vicinity  and  the  characteristics  of  the  soil-layers.     In  order  to  clarify  the  earth- 
quake danger  more  reliably,   it  is  necessary  to  Investigate  the  reqional  distribution  or 
variat.ion  of  the  seismic  activity  and  the  characteristics  of  soil-layers. 

General  reviews  indicate  that  some  research  has  been  conducted  considering  seismic 
activity  only,  i.e.,  magnitude  frequency  distribution  and  focal  distribution,  disregarding 
the  regional  difference  of  soil  characteristics,    k  few  investigations  seen  to  be  performed 
eonaidertng  the  influence  of  the  aoll  oharacterlatics*  hut  not  sufficiently. 

Since  Dr*  B.  Knrasuni  published  his  regional  mp  on  the  eaxthquate  danger  in  1951*  the 
research  activities  havs  Increased  in  nuiiber  as  many  as  10  in  Japan.    Vha  outline  of  the 
research  conducted  on  the  earthguaka  danger  in  the  vicinity  of  Japan  is  as  follows  i 

Dr.  H*  XMasuni^*  observed  the  following  relation  between  the  seianic  intensity  I  in 
J.M.&.  and  the  swailnun  acceleration  amplitude  a  on  the  ground, 

O  (gal)  »  0.45  x  10°*"  (1) 

Taking  into  account  the  fact  that  the  regional  distribution  of  the  intensity  is  closely 
related  to  the  cplcmtral  diatance  and  tiia  nagnltude  of  an  earthquake,  ha  also  deteflslned 

the  relation  between  the  epicenters  and  his  magnitudes       for  the  earthquakes  in  the  olden 
times  (A.D.  679-1925)  when  no  observed  data  had  been  given,  utilizing  the  descriptions  in 

ancient  documents.     Kawasumi  also  defined  the  relation  among  ,   I,  and  the  epicentral 

distance  A.    Taking  Eq.  1  into  consideration,  the  relation  is  represented  in  terms  of  H, 
a  and  A  as  followss 


*The  superscript  numerals  refer  to  the  corresponding  numerals  in  Table  1. 
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log  a  =  M-0.540-2.3  log  (A/A  )  -  0.000915  (A-A  ) 


-  M-0.540-log  (r/r  )  -  0.00834  (r-r  )  for  r<r    -  100  to  (2) 


nlMn  r  Mans  tlM  hypooantral  distMM,      >  100  Im,      «  ^00  *  18  . 


Using  ths  dsta  for  the  pariod  679-1948  and  Bq.  2,  th*  axpaotad  iMxImnm  aooalaration 
calculated  at  arbltraxy  points  for  tha  return  period  T  years  and  was  deternined  by  the 
following  equation^ 


S  r\  (a) 

a  -  :■■ 


where  n(a)  and  T  are  the  frequency  of  maximum  acceleration  as^ilitude  and  the  data  period 
in  year.    He  obtained  finally  the  regional  distribution  of  the  eicpected  maximum  acceleration 
asplitude  for  tha  return  periods  (T  *  50,  75,  100  end  200  years)  et  every  half  degree  point 
in  latitude  and  longitude* 

2 

Dr.  I.  Muraaatsu  analysed  the  destructi've  earthaiuakBS  in  latitude  and  longitude  since 


1926  and  obtained  the  following  eqoatioas  as  the  zeletion  aeong  r  and  iiaxieua  velocity 
anplitude  V, 

V  (oq/sec)  -  CWit'^  e'^^'c***^ 

log  C  (M)  •  O.eSSM  -  1.719  (4) 
log  re  (H)  -  0.145 

Dividing  tho  earthquake  data  into  two  periods  A.D.   679-1867  and  A.D.  1868-1956  and 
using  these  data  in  each  period,  he  made  the  same  analysis  as  Dr.  Kawasumi  and  pointed 
out  that  the  distribution  of  the  expected  maximum  acceleration  amplitude  resembled  each 
other,  but  the  alisalute  values  were  fairly  different  between  both  cases.    So  that  the 
regional  distribution  of  the  e^^cted  maximum  velocity  amplitude  Vo  for  the  return  period 
(T  •  50  years)  using  £q.  4  snd  the  data  between  1868-1964  years  was  obtained  Iqr  the 
following  equation. 


I  n(v) 

V^VO  1 


where  n(V)  Is  the  frequency  of  the  maxlmim  velocity  ai^plitude. 
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After  analyzing  tba  salaniA  raoorda  obaarvad  undamaath  tha  gxoiuid  at  thA  depth  of 
300  m.  Dr.  K.  xanai  and  T.  Soraiki^  concludad  that  tita  aaplltuda  of  tha  valoeltiy  spaettuB  V 
of  eartfa^iaka  mtloos  at  base  rock  vaa  naarly  oonstant  with  ragarda  to  pariod  t  aa  foUoMSs 

t  <  xo«-'«-l-'0  (S) 

and  that  anplituda  la  datamlnad  by  tha  following  aquationi 

log  V  -  0.61M  -  (1.66  +  -^iSSj  log  r  -  (0.631  +  (7) 

So  that  using  Bqs.  5  and  7  and  the  earthquake  data  with  danagea  for  the  period  599-1964, 

they  obtained  the  regional  distribution  of  the  expected  maximum  veloeily  Qeetral  aqplit^uda 

at  the  base  rock  for  the  retvirn  periods  (x  ■  75,  100,  200  years). 

4 

H.  Goto  and  H.  Kaneda    applied  a  certain  probabilistic  model  to  make  up  for  insufficient 

earthquake  data  in  ancient  time.     They  assumed  the  occurrence  of  earthquakes  to  be  independent 

events  and  defined  that  the  records  in  the  period  B^^  were  the  sample  values  of  n  times 

Bernoulli  trials,  in  which  n, ,»  H, •   •  -  times  trials  were  related  to  the  seismic 

11      12  Im 

intensities  I. ,  II_,  .  .  .  l  .    The  probability  P.  of  each  trial  was  a  degree  of  importance 

12  m  K 

for  the  period  B    in  the  whole  records,  and  the  earthqiiake  danger  in  each  period  was 

estimated  with  P^^.    At  that  time,  the  aeiandc  acoeleration  amplitude  X(t)  was  indicated  aa 

6f  (t>T)g(t)  and  the  msan  waxiiwi  acceleration  aaplitude      relating  to  the  parameter  0  waa 

given  ea  0(V»  -  50  T^~^*'"r  0(V1)  «  320 C!^/^^^!"^*'"  and  O(VII)  -  470  (^0/0.4'  ^*^^*' 

f(t}T)f  g(t)  and  0  are  a  deteninistic  tisM  funetion»  a  nan<-diiie»8lonal  atatlomary  stc 

chastie  process  and  a  constant  with  diweneion  of  acceleration,  and  To  neana  a  predemiaant 

period.   Taking  these  into  OMUiideratloar  tht  probability  distributions  of  the  maximm 

acceleration  anplitude  Vffo^)  and  the  velocity  asipUtade  ^^(VIb£)  at  arbitrary 

points  for  a  certain  period  were  given  as  follows  > 


(8) 


T)n  Him  ■ 

j?i'*s(Vaf;Ij)'^"  -b-tK^  jH  „  ;Pf)]} 

and  the  regional  distributions  of  the  eaq^tation  £[0^1,  E[V^]  %«ere  calculated  in  the 
following  equation: 

(9) 


f 


}  dttf  -J 
}  dV^J 


where  tha  return  period  t  ia  75  years  and  the  predosiinant  period  is  0.5  see. 
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T.  Okx^  and  T.  Terashima^  modified  the  expected  maxixnaii  acceleration  eunplitude  pro- 
posed by  Dr.  Kawasuni  on  the  distribution  of  eazttu|uak«  Intsnsity  in  the  major  earthquakM 
after  the  Kwanto  Earthquake  in  1923.    In  their  map,  Japan  was  divided  into  four  divlalonB 

toy  reconbining  Kawasumi's  map  and  the  distribution  of  intensity  V  or  more. 

K.  Takahashi^  defined  that  a  mean  annual  accumulative  intenHity  frequency  f (ct)   at  the 
observatories  of  J.H.A.  could  be  shown  in  the  following  equation  as  the  first  approximation, 

■  a(  1  ♦  «/25)  ■  OU  +  0.002QV) 

Khartt  a  «  0.8  X  10^*^^''^^,  f^  «uul  F  etre  a  regional  ooefficient  and  tines  of  felt  earttaquakea, 
restpectively. 

He  eetiiBated  the  eaqpeeted  aaxiiran  valoee  at  any  point  with  the  following  datat    (a)  the 
tinea  of  felt  earthquakes  for  the  period  1884-1970  year,  (b)  the  man  annual  freqveaey  of 
earthqoakea  with  Intensity  III  or  nore  for  tdie  period  1884-1970  yearr  (o)  the  naan  annual 
fraqjuen^  of  Intensity  V  or  nore  for  the  period  1506-1970  year.   So  that  final  regional 
diatrihution  of  the  expected  naxinan  acceleration  aoplitude  was  obtained  fay  neans  of 
weighted  nean  values  as  ttue  result  of  the  aibove-nentioned  nthod. 

8.  mttori  and  Y,  Kitagawa''^  applied  Ishisioto-Iida's  formula 

n<A>dA  -  k  A~"  dA  <11) 

to  the  maximum  displacement  amplitude  at  each  observational  station  of  J.M.A**  using 

the  observed  data  for  the  period  1967-1972. 

In  Eq .    11  n(A)    is  the  frequency  of  the  maximiim  displacement  amplitude  A,    k  and 

n  are  consteuits  at  each  observational  station.    At  that  time,  m  and  k  were  determined 
as  follows; 

n  -  ^  iff^f^^  liog  A     *  "        "  (f^^)  +  log  (m  -  1)  +  {m  -  1)  log  A^, 

i-i 

where  s,  A  ,  A,  and  N  (A>A . )  are  the  total  number  of  the  data,  the  smallest  maximura 
amplitude,  the  i-tn  inaxiraum  amplitude  counted  from  the  largest  one  and  accumulative  fre- 
quency of  A>Aj,  respectively.    Taking  these  values  and  the  data  period  into  consideration, 
the  regional  dietrllwitlon  of  the  esgpected  naatiBun  di^laeement  asplitude  was  obtained  for 
the  return  periods  (t  >  2S«  50*  100  years). 

8.  Onote  and  K.  Natsumra  obtained  the  regional  distribution  of  the  es^eeted  waxiiiuii 
acceleration  anplitude  using  the  data  for  the  period  186S-1973.    At  that  tine,  nagnitude 
M  in  J.H.A.  foe  the  pwled  after  1926  was  tronsfomed  into  Nj^  by  H,^  -  2N  -  8.7.    The  nethod 


of  analysis  was  alnost  the  same  as  that  of  Dr.  Xawaswi  except  the  following  equation  was 
Instead  of  Eg.  1). 

a  -  0.253  X  10°*^^  (12) 
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Moreover ,  S.  Omote,  H.   Hanai  and  S.  Nagamatsu    made  the  regional  distribution  of  the 
expected  earthquake  motions  at  the  base  rock  using  Eq.   7  and  a  probability  model  of  earth- 
quake occurrences  represented  by  a  Poisson  process.    At  that  tiioe,  they  used  the  earthquake 
data  from  the  periods  679-1972  and  1741-1972  for  the  Bene  return  periods  (T  =  50,  200  years) . 

5.  MgahMhi^^  dafiiMd  the  Mveeted  iiaylUM  velocity  respanM  aaiplituae  8V  folloifsi 

o 

l09SV^«aM-bla9r-c  (13) 

idtere  »t  b  and  c  ar«  tha  functloiia  of  natural  period  nodlf lad  by  tba  cliaraotariatlea  of  tba 
observational  site  frm  tba  stxongnotioii  records. 

And  be  obtained  tlio  regional  distribution  of  the  ei^ected  SV^  values  having  0.3,  1.0 
and  3.0  sec.  in  natural  period  and  0.05  in  the  danping  of  refuse  system  for  the  return 
period  50  years,  using  the  data  Cor  the  pariod  1885-1975.    At  that  tia»,  1^  fbr  the  pariod 
1885-1925  was  transfomed  into  M  by     Murautsu's  equation      •  O.eSH  'i-  1.2. 

The  research  described  sbove  is  svPHnarized  in  Table  1. 

3.     THEORY  OF  EXTREME  VALUES 

3-1.    QuBlbel's  First  A^mptotic  Distribution 

The  siavlest  awthod  by  which  tba  extreme  values  of  a  variate  can  be  pradictad  is 
taMMi  as  that  of  the  First  A^ynptotic  Distribution  of  Gosbal  (1958)^''.    Mbether  the  dis- 
tribution is  a  reasonable  one  to  enploy  in  a  specific  application  is  a  niatter  of  judgnent. 
Such  a  judgment  can  be  exercised  by  considering  how  well  the  inputs  fit  the  distribution 
and  by  taking  into  account  any  factor  which  may  tend  to  influence  the  trend  toward  the 
extreme  values.    While  the  goodness  of  fit  is  a  statistical  problem,  the  cirtcrion  by 
which  it  is  judged  depends  on  the  intended  application  and  no  priori  rule  can  be  formulated 
in  its  regard.     The  deviation  in  trend  to  extreme  is  usually  a  physical  problem  and  its 
prediction  cannot  always  be  made  on  a  purely  statistical  basis  but  may  require  insight  into 
the  nature  of  the  phenomenon  to  be  predicted. 

1)  INPUTS 

The  prediction  of  extreme  values  is  made  by  carrying  out  certain  statistical  oparationa 
on  a  eat  of  <— wi«^  valuaa  of  the  variata  to  be  predicted.   Such  a  eat  is  obtained  aithar 
by  saxpling  subsets  of  a  totality  or  by  the  sequential  measurement  of  a  process  over  ^pacific 
intervals  of  time  suitably  spaced.   The  method  is  the  b«m»  in  aith«r  ease,  but  since  the 
amrironmental  phenoswna  of  interest  axe  essentially  tine-dependent,  the  exposition  tbat 
fbllom  is  a^pressed  in  the  parlance  pertinent  to  time  functions. 

Thus,  the  inputs  xequirad  aret 

a)  A  ooapilation  of  set  maxlmw,  x 

b)  The  total  maber  of  set  maxima,  N 

2)  QUDBIIIIIG  OF  INPUTS 

tOian  It  is  large,  the  set  maxina  (adjusted)  are  ordered  by  magnitude,  either  ascending 

or  descending.    In  what  follows,  the  ascending  order  is  used*    The  generic  value  of  the 

ranking  index  of  the  set  aaxlmii  is  denoted  by  x  ,  tbust 

m 
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3)       ORDINAL  FREQUENCY  0 

in 

To  each  set  maxinum       corresponds  the  ordinal  frequency 
Jf_  


s  *  1 

4)      IMFUT  STATISTICS 

The  mean  value  of  *^ 


*  ■  N  ^ 


The  variance 


2      1      r  ,  ,2 

M        ^  M 


lti«  oorreqponding  dispersion 


5)  REDUCED  VARI/iTE  y 

n 

The  set  tMxljnuin       is  plotted  at  the  position  given  by  the  reduced  variate 
V,  -  -An  (-In  (0 J) 

6)  SIOPB  ^ 

Tlie  sloipe  la  calculated  by  the  leaat  aquare  technique  aa 


^      ^     m      m      m  a 


7)       MODE  U 

The  node  is  calculated  by  the  least  square  technique  as 
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8)     BXFBCKD  NMCIMDM  VftLOB  x(y) 

Vte  rogranion  11m  of  enpoctad  —xtin  1« 

«(y)  -  0  +  J 

3-2.  Guatel*a  8«oond  and  third  Aanptotlo  Distributions 

tbs  First  Asyaptotle  Dlstrlbutlofi  of  Gvplsel  predict*  wttrwss  vslisss  of  •  v«rl«t* 
approaching  infinity  as  this  rstnm  parlod  approachss  inflni^.   tn  aost  applications  to 
fbgacasting,  this  tandanqr  of  growth  doss  lead  to  pradictions  of  rsaaonabla  accuracy,  this 
is  ^jtainad  nhsn  th»  otaarvsd  valuss  ranked  by  nagnitude  and  related  to  a  probability 
of  occurrence  croud  the  regression  line  of  the  ei^ected  values.    There  exlst»  however*  eases 
for  %dilcAi  tfaace  is,  Indaed,  a  aarked  tendaney  of  tiia  dbsexvad  values  to  deviate  incvaas- 
ingly  fron  the  regreasiro  line  as  the  return  period  increases.    Such  cases  occur  when 
fhyaical  causes  operate  to  lapose  constraints  of  ever  greater  severity  as  the  variate  tends 
to  grow  In  aagnitude. 

The  reliable  treatnent  of  such  probleais  requires  eatreaial  probablll^  distributions 
to  be  somsidiat  anre  flexible  than  the  First  Asynptotic  Distribution.   A  convenient  one  is 
Guibel's  Second  or  Third  Asymptotic  Distribution.    As  against  the  First*  which  is  a  two- 
parameter  distribution  (mode  and  slope) ,  the  Second  or  Third  is  a  three-parameter  distribution 
(asywptote,  characteristic  value,  and  exponent) .     However,  the  enhanced  flexibility  intro- 
duced by  the  third  pararaeter  is  paid  for  in  increased  complexity,  and  a  relatively  sisiple 
and  direct  determination  of  parameters,  as  in  the  case  of  the  First  Distribution,   Is  not 
quite  in  hand.    The  way  out  is  to  have  recourse  to  a  computer  and  derive  the  pfurameters 
by  iteration.       A  method  for  accomplishing  this  is  outlined  herein. 

The  cumulative  prob2U3ility  corresponding  to  Gumbel's  Second  Asynptotic  Distribution 
is  given  by 

j0  (X)  -  e»p  (-  I^^^J'S 
m 

where  x  ia  the  variable,  e  its  liailtlag  valaa»  V  its  eharaeteriatie  value  and  K  an 
exponent,    fha  problem  la  to  derive  them  from  the  input  data,    lha  inputs  are  a  aat  of 

maximum  values  measured  over  a  specific  interval. 

The  cumulative  probablll^  correipondlng  to  Gumbel's  Third  Asyiptotic  Distribution 

is  given  by 

3^  (X)  -  exp  (-1^—^)'') 

where  x  is  the  variable.  It  its  limiting  value*  I.e.,  the  eiqpeeted  value  that  the 

variable  is  likely  to  attain  in  the  infinitely  long  run,  V  its  charaotaristie  value  and 
K  an  aaQonant. 

The  set  of  maxtaw  values      is  arranged  in  ascending  order  and  plotted  against  the 
oorreapcndlng  ordinal  freqpieney 
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where  N  is  the  total  number  of  data  points.     The  mean  value,  variance  and  dispersion 

2 

jCjj»  O^^  ,  0  are  obtained  as  for  the  First  Asymptotic  Distribution. 

The  seduced  variate         for  the  Second  Asymptotic  Distribution  when  introduced  onto 
the  expression 

and  the  reduood  v«rlat« 
W  •  X 

3".  •  - 

will  plot  as  a  straight  line  against 

y„  =  -J-   t  -  ^„  (0„)  J 

in        n  n  n 

Mote  that  in  the  outline  that  follom  tbm  sdbeerlpt  »  Is  eqployed  to  define  either  an 
inpat  X  or  a  value  directly  related  to  inputs  y  »  0.f  etc. 

Nbte  also  that  the  cheracteristic  value  is  that  value  of  x  ubioh  oorre^onds  to  the 
eanulative  prohahili^  0  -  ^  -  0.368«  i.e.*  to  y  -  0.    in  the  First  Asyiiptotic  Distributionf 
such  a  value  is  tezned  tiie  aode. 
1>  VMXMICE 

2 

variance  a   (v,  £,  k)  for  the  second  ftsysptotic  Distrlhotion  osa  be  obtained  as 


varianos  9 '(V,ii,K>  for  the  Third  Asynptotio  Distribution  is  as  folloifss 


1  W-jt 

2)       EXPONENT  K 

Using  the  least  square  method,  the  exponent  K  for  the  Second  Asyiqptotlc  Distribution 
can  be  expressed  in  terms  of  e  and  V* 
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-  t 


)  ] 


K  -  - 


N 

1 


N 


V  -  e 


Hm  •aqponut  K  for  tb»  TtdxA  c«a  ftl«o  b*  tt^MMtd  in  tmatM  of  it  and  v 

K.      1  ■  •    °  W  -V  * 

n  ^  W  -  V  ' 

2  2 
Xlwii  tb*  variance  0^  (V,e}  and       (V,tf)  axo 

V(V,e)-i?I-K(V..).£^(Lz|.).yj« 


and 


3)  PMtMIBmC  SBQIJBKS  OP        CBMMiCIBiaSTIC  VAUB  V 

Til*  olHunoteriatlo  valno  V  is  cdbtaliMd  fey  itwation.   A  now  diameter intie  value 
Yp^I  ^  'ttlAted  to  Its  jpcaviouB  value      through  zacurxanoe  lalation 

Mttimv  p  ia  an  interatlon  index  end  Av  ie  an  erbitrecy  inexenentel  value. 

Mote  that  the  diaraeteriatie  value  V  oorreopoinda  to  the  node  0  of  the  Plrat  Olstrlbo^ 
tion.    nierefoEOf  an  aBPRndaate  oharaoteriatio  value      la  obtalaad  fay  letting      «  Mode  of 
Firat  DlatributloB. 

The  exponent         appearing  in  the  recurrence  relation  denotes  the  nujnbar  o£  tijne 

the  inequality  sign  changes  in  step  2.6.    The  initial  valua  of  C    is  xero* 

P 

4)  PARAJMETRIC  SEQUENCE  OF  THE  ASYMPTOTES  G  AND  W 

The  asymptote  C  or  H  is  also  obtained  by  iteration.    A  new  value  of  the  asymptote 
e  . ,  or  H^,  is  related  to  the  previous  value  c    or  H    through  the  recurrence  relation 
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ox 


w„4.i  (V)  -  w    (V)  +  I-  |l  *  •  Aw 


where  q  is  a  sequential  index  and  Ac  or  Aw  is  an  arbitrary  incremental  value  whose  selection 
should  be  bas«d,  i£  possible,  on  physical  reasoning. 

Vtm  muffonrnkt      denotM  tl»  ih^Ime  of  timm  Oib  Inaqnallty  sign  changes  in  Step  5} . 
tlis  tnlt-lal  mlom  of  C  im  mzo. 

5}      CKRBRION  fOR  THE  ASXWTOIB  VMfllS  e(VJ  and  W(V^) 

P  P 

If 

'^M^        e^-)  <  0^^  (v^,  tj 
N       P     q+1         H       P  <l 

ex 

^'n*  ^'p'  Vi^  '  ''h'  ^^p'  V 
the  algii  dbange  ooimt  ie 

If 

''h'  <^p'  Vi^  '  ^'m*  V 

or 

*  ^1.^  (v^' 

11       p      q+l         M       p  q 

the  sign  (diange  ooimt  im 


2 

Repeat  calculation  from  C    „  until  C    »  3,  4,  or  5  and  find  the  nininum  vetlue  of  Q_  « 

q=0  q  N 

The  selection  of  C    »  3,  4,  or  5  depends  upon  the  nature  of  the  problem. 

q 

6)       CRITERION  FOR  THE  CHARACTERISTIC  VALUE  V   (FOR  MX  POSSIBLE  VALOES  OF  e  OR  W) 

2  2 

If  the  minimum  value  of  0„    (V  ^, ,  £)  or  0,,     (V  ^, ,  W)  is  smaller  than  that  of 
2  2  ^ 

o      (V  #  e)  or  0      (V  ,  M)  the  sign  change  count  is 
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2  2 

If  tha  idiiiinum  value  of  o„    (V  ^, ,  e)  or  a„    (V  . .  t  W)  Is  largar  than  that,  of 
,  2  P  ^ 

<V^r      OS        (Vp,  W)  ttM  sign  ofaanga  count  la 

Repeat  calculation  from  C    =  0  until  C    =  3,  4,  or  5  and  find  the  smallest  value  of 

2  P  P  2 

O       (V  ,  e)   for  all  possible  combinations  of  V  and  t  or  rr       (V  ,  w)   for  all  possible 
N         p  N  p 

coraginations  of  V  and  w  by  iteration.    The  selection  of       ■  3,  4,  or  5  also  depends 

on  the  nature  of  the  problem. 

The  exact  solution  of  v,  e  and  K  for  the  Second  Asymptotic  Distribution  or  V,  w  and  K 

2  2 

for  the  Third  corresponds  to  the  smallest  value  of  0„    (V,  C)  or  a„    (V,  W) . 

N  M 

Note  that  the  value  of  exponent  K  is  a  function  of  V  and  e  or  V  and  W  toe  Which  the 
2  2 

varlanee        (V,  e)  or        {v,  w)  la  the  nalleat  and  ia  oaleulated  fOr  eaoh  atap  of  and 

6.  or  V,  sod  II  . 
9       P  <I 

4.    EMOHQgMCB  (ATA 

The  earthquake  data  considered  to  be  available  at  present  in  Japan  can  be  divided  into 

five  periods  as  follows: 

<1)    Period  416-1872  -  Magnitude  Mk  and  epicenters  tiere  detendned  lay  Dr*  kshssumI 

using  tiie  descriptions  in  ancleRt  doeuaants.    iheae  values  sre  shonn  In  the  Soience 
12 

Celendar       No  data  exoqit  dsnages  are  Included. 


<IX)    Period  1885-1925  -  Both  Hk  and  N  are  shown  in  such  a  relation  as  Bdc  -  M  0.5 
in  the  Seienee  calendar.   HO  data  exceipt  da»ges  are  included. 

<IXZ)   Period  1885-1925  "  Both  Mk  and  N  are  Shosn  with  tiie  ssms  relation  as  the  data 
(II)  in  the  Seienee  calendar.   Moreover  the  data  in  the  aiajor  earthquakea  above  are 
ineluded  in  the  cetalogue  of  Major  Earthquakes  hy  J.M.A.^^ 

(IV)  Period  1926-1980  -  The  results  of  instrunental  cbaervations  are  reported  in  the 
Catalogue  of  Major  Bartiiquakas  hy  J.M.A.»  in  idileh  all  the  earthqMskes  with  the 
nagnitnde'  IP;S.0  are  oonaiderad  to  be  included. 

(V)  Period  in  and  after  1961  -  The  data  in  this  period  are  reported  in  the  Catalogue 

of  Major  Earthquakes  or  the  Seismological  Bulletin    of  J.M.A.,  in  which  alaost  all 
the  earthquakes  with  the  magnitude  M>4.0  are  considered  to  be  included  bsoauae  of 

advanced  instrtiinents  comparing  with  those  in  the  period  1926-1960. 

It  is  generally  assumed  that  the  seismic  activity  has  been  or  will  be  nearly  as  con- 
stant in  an  area  as  in  the  whole  vicinity  of  Japan.     If  the  assumption  above  is  made  and  the 
data  of  the  earthquakes  occurred  in  the  period  are  cc»npletely  included,  such  phenomena  should 
be  recognized  for  any  data  as  follows;   (1)  the  gradient  of  the  accumulative  energy  curve t 
that  iSf  the  mean  annual  energy  released  by  earthquakes  is  nearly  constant  and  (2)  the 

aoeunalatlve  mgnitude  frequency  distribution  ia  aiailar  fOr  any  period  of  data, 
uaial  Magnitude  f raquen^  distribution  and  umatk  anntial  energy  released  by  the 
esrtiiquikes  for  the  data  period  of  (I)  -  (V)  are  Shoim  in  Figs.  1  and  2.   As  seen  in 
these  figures*  the  data  (i)  -  (V)  can  be  classified  into  two  parte*  data  A  (X,  XX)  and 
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data  B  (III,  IV,  V) ,  and  ttwre  are  rwnrkabla  dlf  £az«icea  batwaan  tha  data  in  A  and  tba 
data  in  B. 

It  is  necessary  to  pay  attention  for  the  data  A  as  follows:     (1)  the  data  h  were  made 
according  to  the  descriptions  in  the  emcient  documents  and  (2)  the  distribution  of  popxila- 

tion  in  the  time  when  the  documents  were  made  had  to  be  very  uneven.     The  reason  is  easily 
inferred  why  the  data  a  are  not  only  small   in  quantity  and  low  in  accuracy  but  also  uneven 
regionally.     On  the  other  hand  it  Is  doi.±itful  whether  the  period  of  the  data  B  is  long  enough 
for  the  seismic  activity  to  be  regarded  as  being  constant. 

After  considering  the  facts  above,  two  kinds  of  data  are  used  in  the  present  paper  as 

follows : 

1.  The  data  B  with  modified  maqnltuda  -  The  data  B  are  examined  and  modified  in  the 
follcwliig.    tbm  aoounilatlva  anargy  curves  using  the  original  magnitude  and  nodifiad  aag- 
nituda  axa  alioim  la  Fig.  3.    As  seen  in  Fig.  3  the  gradient  of  anargy  curve  before  192S  ia 
larger  than  that  after  1926. 

It  saens  naeaasary  to  Modify  tha  nagnitude  for  tha  period  188S-1925,  becauaa  tha 
nagnituda  for  tha  period  18S5-192S  was  XaMasnMi*a  nagnitude  and  the  Magnitude  fox  tha  period 
thereafter  has  been  datamlned  baaed  on  tha  Instrunental  (d>sarvation.   Assuming  that  tha 
gradlmit  of  the  aoounilativa  energy  curve  is  nearly  constant  and  that  the  gradient  value 
for  tha  period  1926-1973  ia  reprasantative  in  tha  vicinity  of  Japan*  three  types  of  ttodi> 
fieatlon  for  tha  magnitude  are  made  as  follomi    (1)  M-O.S  for  tha  period  1885-1925, 

(2)  K-0.6  for  the  period  1896-1915  and  M-0.5  for  the  periods  1885-1895  and  1916-1925,  and 

(3)  H-0.7  for  the  period  1896-1915  and  M-O.S  for  the  periode  18a5-1895  and  1916-1925. 

In  Fig.  3,  it  is  seen  that  the  resultant  accunulative  energy  curve  makes  almost  a  straight 
line  in  the  modification  (2) .     The  mean  annual  magnitude  frequency  distribution  for 
the  poriod  1005-192*5  after  Lli«  eUxtve  modification  is  compared  with  that  tor  the  period 
1926-1973  in  Fig.  4.    As  seen  in  Figs.  3  and  4,  the  modification  (2)  seems  to  be  most 
suitable  for  data  B. 

2.  The  data  after  the  period  1946  when  the  distribution  of  population  was  relatively  even  - 
As  fior  the  data  before  1926.  tha  fDllowing  treatments  with  duuraotsristlos  of  acoalaration 
were  applied. 

<1)    fha  major  earthquakes  having  100  gals  or  more  were  eatiaated  from  tha  dastxuotive 

earth^Mkes  in  tha  Science  Calendar. 
{2)    CDnsidaring  the  annual  magnitude  freqiuen^  distribution  curves  in  Fig.  4*  it  is 

assnasd  for  tha  small  or  medium  earthquakes  lass  t^ian  100  gals  that  tha  f requaney 

of  earthquakes  oocurranoa  waa  the  same  as  that  after  1926  year.    The  Mgnltoda 

before  the  period  1885  was  estimated  from  Nk. 

5.     EXPECTED  VALUES  OF  EARTHQUAKE  INTENSITY  BV  THE  THEORY  OF  EXTREMES 

5*1.  PtBSUKPTIOIf  OF  BMOBQOAIS  IHIBRSm 

Many  eapirical  fonailaa  conoeming  tha  relationship  of  Intsnsity.  magnitude  and  i^i- 
central  distance  have  been  ^cqpoaed  by  many  investigators  in  addition  to  tliose  mentioned 
in  Chapter  2>  Gutehberg  and  Davenport  (1942) ,  Blume  (1965) ,  Housnar  (1965) »  Milka  and 
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tavttnpoxt  (1969) ,  Bstava  (1970) ,  WatanalM  (1971) ,  Donovan  (1972) ,  Soknabal  and  SMd  (1973) , 

XatayoM  (1974) ,  Trifunac  and  Brady  (1975) .   Pig.  S  ahowa  tha  relatloaalilp  batwaen  tha 

4 

aeealaration  and  ^picantral  dlatanoa  In  tha  eaaa  of  angnituda  IM.S  .   Good  agraa- 


■lant  can  ta«  saan  anorag  thaa*  aqplrleal  foraulaia  in  tha  rang*  o£  i^leantral  dlstanea 
20-250  kn  aanapt  thoaa  by  GutMbarg  and  Riditer,  and  by  Bluna. 

In  thla  papar»  Xanni's  foxnola  (7)  irtiieh  indlcatoa  valooity  ^pactrw  on  tho  baaa  sock 
una  tttilisad  for  tha  praaunptlon  of  aarthqioalca  Intanaity. 

Ualn?  Kanai's  foxmila  (7)#  naxinop  acoalaratlon  waxlwn  valoci^         and  naxl- 

■tn  dlaplacaoiuit  d^„  on  tha  anrfaea  of  ground  can  ba  ctbtainad  as  folloms 


.  iq0.6iM-(i,6  6+^^)   l0glflr+  (.0.167  ^)  .    ^  .  5  (j) 

.  j^Qo.siM-d.ss-*- -j^)  logic  r-  (e.«n+-^)  .  ^ 


-  lO«-*»M-(*^"+  ^^jlOgur  (  ».*«•  )  •  T  •  6(T) 


vhara  6  (T)  ia  dynanle  ohazaotorlaltcs  of  tba  ground  and  ia  iQ^xoxiaatod  by 

1 


•  6 

Tt   ftradoailnant  pariod  of  aarthguaka  notion 
T.:    Predominant  period  of  tha  ground 

G 

Therefore,  considering  T  -  T    maximum  acceleratlonf  velocity  cmd  displacement  on  the  surface 

G 

of  the  ground  are  approximated  as  follows: 


-max     /[q  r  X 


^  T  X 
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5-2.  EXPECTED  VALUES  OF  EARTHQUAKE  INTENSITY 

1)  Expected  Values  of  Maximura  Acceleration  and  Velocity  in  Tokyo 

The  ejcpeoted  values  of  maximtm  acceleration  and  velocity  on  the  surface  of  ground  at 
tbm  canter  of  Tokyo  05.7*H.  139.8*1)  are  predicted  using  the  past  336  year  earthquake  data 
(■agnitude  and  cplcentral  distaaoe)    mntloned  in  Ouster  4.2.    Fig.  6  shows  the  ei^ected 
values  of  wmipiuw  acceleration  cn  the  surface  of  tlie  groundt  of  ifhldi  the  predoninant  period 
Tg  is  0.3,  0.5,  0,0  and  l«2  see.,  obtained  by  ootibel  Aayvptotle  Distribution. 

Ihe  ei^eoted  values  of  t**"*"  velocity  axe  Aoim  in  Fig.  7  olTtalned  by  Kanal's 
fomla  (7) .   Tables  2  and  3  «how  the  oalculated  values  of  M»fiw»  aeoeleratlon  £ax  each 
year  and  tiie  eiqpeeted  wntLmm  aeeeleration  and  velocity  vs.  return  period  on  Him  surface 
of  the  standard  ground  (T_  «  0.3  see.)  at  tiie  center  of  Tokyo,  respectively. 

2)  Begiatial  Distribution  of  Biqpeotsd  Kaxiausi  Aeeeleration  on  the  Surfaoe  of  Standard 
Ground 

ThB  expected  maximum  acceleration  on  the  surface  of  the  standeurd  ground  (T.  =0.3  sec.) 

G 

is  calculated  at  the  location  of  every  0.5*  in  latitude  and  longitude  by  Kanal's  formula 
and  Guonbel's  Asymptotic  Distribution.     The  past  earthquake  data  used  are  described  in 
Chapter  4.2.     Regional  distribution  maps  of  the  expected  roaximinn  acceleration  corresponding 
to  the  return  periods  of  50,   100  and  200  years  are  shovm  in  Figs.  8,  9  and  10,  respectively. 

3)  Regional  Distribution  of  Expected  Maximum  Velocity  in  Bedrock 

The  eiqpeeted  maximum  velocity  at  the  base  rock  is  obtained  at  the  location  of  every 
0.5*  latitude  and  longitude  by  Kanai's  formula  and  Gundsel  Asymptotic  Distribution. 

The  past  earthquake  data  sinae  1885  are  used  as  described  in  Chapter  4.1.  Regional 
distcibutiea  maps  of  the  anpectad  wavlmii  velocity  eerxeqppndlng  to  the  return  periods  of 
SO,  100  and  200  years  are  ^hown  in  Figs.  11,  12  and  13,  respectively . 

Figs.  14  and  15  show  the  eiveeted  ■aviw—  aeeeleration  and  displaeansnt  at  the  base 
rock  coxTeqpondiag  to  the  return  period  of  100  years,  respectively. 

6.    PRACTICAL  APPLICATION  ON  THE  EARTHQUAKE  DANGER 

Ha  is  clear  frost  Table  1,  the  periods  of  the  date  used  and  of  the  analyses  in  the 
respective  reeearch  vary  fxen  a  selantifie  point  of  view.   For  practical  puxpoeea,  that 
la,  eipecially  the  regional  selsnic  coefficients  for  aselsndc  design  of  structures,  these 
raeults  nay  not  be  available  directly,  beoause  it  is  disagreeable  to  say  that  the  results 
express  the  regionally  of  selsnio  motivttjf  in  the  violniy  of  Jiven  eoaplittely  end 
objectively.   Norsovsr  it  seems  not  ot  be  always  desird>le  in  asalamic  design  that  there  are 
many  kinds  of  the  regional  distribution  of  ths  ei^eeted  values.    So  a  new  regional  seismic 
coefficient  nap  was  made  after  examining  all  results  from  the  following  standpoints:     (i)  ths 
accuracy  of  each  value  in  earthquake  data,    (ii)  the  regional  evenness  of  data  information, 
(iii)   the  quantity  or  the  period  length  of  data,    (iv)   the  method  to  calculate  the  maximum 
earthquake  motions  from  M  and  r,    (v)  the  method  to  determine  the  expectation  of  the  maximum 
earthquake  motions  and  (vi)  the  representative  method  to  obtain  the  results. 

The  regional  distribution  maps  of  the  expectation  values  based  on  the  regionality  of 
seismic  activity  only  %rere  selected  from  various  maps  and  normalized  to  assign  unity  for  the 
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maxlw  vslus  In  «aoh  nap  at  tiM  point  of  awry  half  dagraa  ia  both  longltuda  and  latituda. 
Sha  ragional  dlatrilmtlon  of  salaaic  ooaf  f  iolanta  «aa  dataminad  bf  nana  of  tha  waightad 
mean  valnea  ky  aniltlplylng  aacAi  nomallBad  one  by  erndh  walght  dateiwlned  front  the  aix  itens 
abovia. 

The  final  raaulta  are  shoim  In  fig,  16,  which  are  considered  to  be  the  ivprcupriate 
regional  aeianlc  aoning  ooeffieienta  for  aaelaaie  deeiga  of  struotures.   Aa  aeen  in  Pig.  16, 
Japan  ia  divided  into  three  divisions  by  the  criterion  of  seianic  activity,  that  ia.  A)  area 
with  hls^  eertligiielBe  danger,  B)  nediiai  danger  area  and  C)  low  denger  area. 
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Tabltt  -  2  Calculated  Values  of  Miotimum  Acceleration  (gal) 
for  Each  Ye^u:  in  Tokyo  (T^  ^   o  >  ^*5c.l 


Epicentral 
distance 

Maa> 

TUae 

A  n 

Eptcentral 
distance 

Mocpi- 
tude 

a     fx  =0*^1 

1926 

4aio 

6.2 

8975 

1950 

84.95 

6.5 

61.1B 

1927 

14166 

6.0 

14.08 

1951 

58-60 

6.2 

6a36 

1928 

76.10 

5.8 

2&87 

1952 

104.41 

5.5 

11.07 

1929 

7Q30 

6.1 

45i91 

1953 

22&82 

6.6 

15.76 

1930 

9a28 

7.0 

9961 

1954 

12&80 

6.4 

2a25 

1931 

71.71 

7.0 

157.93 

1955 

7433 

S3 

ia77 

1932 

12089 

6.1 

2063 

1956 

5082 

&0 

6Z86 

1933 

11421 

5.6 

11.14 

1957 

155.63 

ao 

299 

1934 

5886 

5.2 

16  68 

1958 

4a95 

4.4 

8.09 

1935 

14920 

6.3 

19.83 

1959 

12303 

5.6 

a95 

1936 

142.85 

6.3 

21.19 

1960 

17737 

5  9 

866 

1937 

11998 

6.6 

42.12 

1961 

147.25 

5.9 

1  1.53 

1938 

11399 

6.6 

35.62 

1962 

79.25 

4.9 

716 

1939 

67.22 

5.3 

15.91 

1963 

13a45 

6.1 

17.16 

1940 

11723 

6.1 

21.47 

1964 

13240 

&2 

2068 

1941 

75i36 

6.0 

3&09 

1965 

15250 

a7 

3a62 

1942 

141.15 

6.6 

32S0 

1966 

57.10 

49 

11.42 

1943 

151.62 

6.6 

29.48 

1967 

87.38 

5.6 

16.04 

1944 

2a50 

5.5 

8290 

1968 

70.10  ■ 

6.1 

4a09 

1945 

eaol 

5.7 

2744 

1969 

65.&4 

4.5 

5.33 

1946 

71.17 

6.3 

59.73 

1970 

84.05 

5.1 

a70 

1947 

iia3o 

6.0 

18.52 

1971 

70® 

49 

a4i 

1948 

7403 

5.4 

ia94 

1972 

5&60 

5.1 

14.58 

1949 

11436 

e.7 

52.90 

Table  -  3  Bisected  Maximum  Acceleration  and 
Velocity  Values  vs  Return  F«riod 
in  Tokyo 


Return  Period  (years) 

Unit 

50 

100 

200 
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162.7 

217.0 

287  7 
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Vmox 

7.77 

10.4 

13.7 
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Fig.  1.    Frequency  Distribution  of  MMti  Annual  Magnitute 
for  Data  i  to  v. 
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Pig.  2.   MMui  Jtanual  Bnsvgy  Relaaaed  by  Barthqyafce  Data  (I  to  V) 
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Fig.  3.    Accumulative  Energy  Curves  of  Original  and 
Modlf  lad  Data 
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Fig,  5>    Comparison  of  the  Correlations  of 

Haximua  Acceleration  and  -  Distance 
in  C««e  of  M-6.5  (After  Trifnao,  M.  D 
and  Brai^,  A.  G.) 
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1. 


PREFACE 


Sta^iatlcal  analysis  of 'daaa9aa  to  aartfa  atructnreaf  preservation  of  records  snd  other 
treataents  on  the  danagea  were  diaeusaed  in  toy  previous  report.    Thia  p^er  will  analyse 
the  actual  clrcuaatanoea  fay  conaidaring  the  very  faaaie  problana  in  designing  particular 
earth  atruetures. 

The  earth  atruetures  have  been  built  for  nany  years  by  trial  and  error  netAod  with 
aoewmlated  knowhow  rather  than  by  so'>ealled  design  process «  thus  the  process  of  design 
was  not  particularly  required  in  these  years. 

It  is  considered  that  the  design  procedure  for  earth  structures  becomes  particularly 
important  only  when  constructing  a  larqe  structure  or  construction  of  a  structure  in  a 
ir.inimum  time  was  a  prerequisite.     It  may  be  said  that  the  design  of  stciblc  slope  and 
retaining  wall  became  important  becuase  the  height  of  the  slope  was  largo  and  also  because 
consolidation  of  soft  ground  bocarr.c  important  when  a  high  construction  speed  was  needed. 

Recently,  the  Japaui  Road  Association  revised  its  Earth  Work  Manual  in  Road  Construction 
in  which  an  important  problem  wais  the  treatment  of  the  seismic  force  in  the  design  after 
the  social  aoveBent  toward  inoorporation  of  the  seismic  force  in  designing  the  earth 
atruetures.    Shis  also  Dwy  be  considered  a  new  prerequisite  as  stated  in  the  above  exsaple. 
In  thia  annual*  influence  of  aeiard.e  force  has  hecoma  nore  inportant  when  designing 
especially  retaining  wallSr  esdMuiknent  on  soft  groundr  and  culvert.   This  subject  will  be 
outlined  below. 


SeisKic  force  on  retaining  wall  is  now  treatsd  in  a  manner  stated  below  in  design.  The 
retaining  walls  exceeding  eight  meters  in  height  will  be  now  designed  for  earthquake*  For 
retaining  walls  lower  than  eight  meters,  those  resisting  forces  or  abilities  that  are  not 
taken  into  account  in  normal  computations  #  such  as  the  passive  earth  pressure  at  front  face 
or  design  under  the  worst  oonditlon  of  the  rear  earth  fill  (that  is,  loss  of  cohesion  tiiat 
may  occur  only  during  a  long  period  of  use) ,  are  considered  resistive  against  increased 
loate  due  to  earthqoalce.    That  is,  the  lower  walls  require  no  particular  consideration  for 
earthquake  and  they  are  considered  to  be  safe  for  seismic  forces. 

The  next  problem  is  in  the  area  of  calculations  for  retaining  wall  exceeding  eight 
meters  in  height  with  seismic  forces.    The  previously  mentioned  Earth  Work  Manual  employs 
equations  for  earth  pressure  principle  proposed  by  Mnnonobc-Oltabo  during  oar tJiquakes . 

The  Mononobe-Okabe  equations  propose  to  tilt  a  retaining  wall  imaginariiy  forward  by  an 
angle  corresponding  to  seismic  coefficient  in  order  to  statically  calculate  a  seismic 
force  applied  to  the  wall  during  an  earthquake.     This  type  of  equation  is  also  used  in  numy 
Other  manuals.    However,  one  of  the  characteristics  of  the  road  emhanfcment  is  its  sloped 
Burface  at  the  rear  of  the  retaining  wall  instead  of  horiaontal  surface.  Therefore, 
ejqpecially  when  a  retaining  wall  is  raqaired  at  the  bottom  of  a  long  sloped  ground,  these 
equations  may  often  result  in  an  overdeaigned  wall.    In  order  to  provide  horiaontal  friction 
forces  sufficient  to  resist  the  forces  sudi  as  earth  pressure,  inertia  force  assuawd  to  be 
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applied  to  aaln  portion  of  retaining  milt  and  selanie  earth  preasurer  the  length  of 
bottom  alab  raqulxad  is  enonKHisly  large. 

Ve  aolve  this  type  of  problen  in  design,  various  design  aanuals  fox  retaining  Malls 
are  responding  in  «any  diffarant  approaches.  For  axanpla,  the  design  nannal  prepared  hy 
the  Japan  Highmy  Public  Corporation  simply  clarifies  this  problea  by  alloying  Terzaghi^s 

« 

equations  for  earth  pressure  with  propcortional  increase  of  (1  *  k)  corresponding  to 
Qoaffieient  k.   Witii  thia  Bodifioatim  fbr  the  equati(MM>  the  use  of  excessive  earth 
pressure  in  design  can  bs  prevented.   For  retaining  walls  for  structures  othsr  than  road 
construction*  this  kind  of  pstiblsB  is  not  likely  to  occur  since  the  rear  top  of  aost 
retaining  walls  is  ecnsidered  to  he  associated  with  horiaontal  ground  aurfaee. 

Dspending  vpon  the  angle  of  friction  assuawd  on  slip  surface  of  soil  back  to  the  wallf 
the  direction  of  earth  pressure  force  will  vary  greatly,  resulting  in  a  serious  influenoe 
on  the  stability.    Value  of  this  angle  is  normally  assumed  to  be  saro  at  the  time  of  an 
earthquake,  but  it  is  inconsistent  to  make  its  static  value  simply  zero  since  it  may  still 
have  statically  a  fractional  value  of  internal  friction  anqle  of  the  earth.     Also  the 
equations  proposed  by  Mononobe-Okabe  do  not  consider  the  cohesion  force,  but  it  may  be 
agreeable  to  consider  the  effect  of  cohesion  force  in  some  way  since  &n  earthquake  and 
loss  of  cohesion  force  of  earth  next  to  wall  are  not  likely  to  occur  at  the  same  time.  The 
Earth  Work  Manual  qualitatively  discusses  the  effect  of  cohesion  force  in  the  hope  of 
limiting  the  size  of  slip  surface. 

With  these  varioua  approaches  eaployed  in  the  Manual,  the  Msnual  eatabliahas  a 
rational  deaign  aethod  that  offers  dimensional  ranges  ace^table  in  the  actual  practioea. 
Howaver,  it  ia  widely  aaid  that  the  atudiea  on  aoil  laedianica  atart  and  «ad  in  coping  with 
the  problMs  of  the  earth  preasure,  so  that  step  by  stsp  inprovenant  of  the  design  Method 
for  the  retaining  walls  stated  in  the  Manual  is  likely  to  be  ai^eted  but  prcblens  will 
never  be  ocapletely  solved. 

3.    C0NSI06RATI0N  FOR  EHBftltKMENT  SU>PE 

Various  types  of  problems  are  also  pointed  out  for  the  stability  of  the  earth  fill 
slope,  as  in  tiie  ease  of  the  retaining  wall.  Not  only  for  retaining  walls  but  also  for 
the  earth  fill  slopes  the  need  for  encountering  the  effect  of  earthquake  by  some  method 
was  strongly  discussed  In  ilia  process  of  hearing  for  the  Barth  Noidc  Hanual. 

Oonventionally  tlie  stability  of  the  alopa  haa  hetn  analysed  by  the  use  of  the  slip 
surfaoe  method  which  ia  equivalent  to  aeisnic  coefficiwit  omthod.    fioiievar,  justification 
£oir  accurately  oooputlng  the  safety  factor  in  dynanle  design  was  questioned  in  the  bearing 
even  if  the  method  itself  was  valid  for  static  design  problems,  since  the  test  nethcd  for 
soil  dynamics  did  not  completely  reproduce  job  site  conditions,  failure  models  were 
oversimplified  and  soil  propertie!3  of  job  site  varied  too  much  from  one  location  to  fmother. 
For  this  reason,  the  coomittee  for  the  Manual  once  concluded  that  the  statical  calculations 
with  simply  increased  safety  factor  would  be  adequate  for  earthquake.     This  approach  was 
identical  to  that  of  retaining  wall.     Since  the  earth  fill  slop©  liad  no  @xt£a  resisting 
abilities  uncounted  in  the  calculations,  the  value  of  safety  factor  had  to  be  increased  in 
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tlw  •ctual  practlcm.    tbmn,  tha  aafatir  factor  a»  aictr*  room  for  atxangth  ma  In  qvastion 
but  it  IMS  once  set  to  be  about  0.5  by  «  najority  of  the  comittee  wwfcere.    However^  in 
the  final  etaigOf  this  netbod  ma  abandoned  since  it  was  not  well  gioonded  to  take  up  as  a 
■ethod  to  be  qpeeified  in  the  Manuel. 

In  the  e»d»  the  eoil  was  classified  into  the  clayey  soil  and  sandy  soil*  and  th^r  ware 
specified  aeperately  in  the  Earth  ttork  Manual.   The  fonasr  has  a  xeocvety  of  stcength 
after  construction,  and  the  increase  of  strength  after  oenstruction  is  eispected  to  provide 
an  extra  stability  to  the  slcper  ss  in  tha  case  of  retaining  vails.    Thus,  no  q^ial 
consideration  \mm  given  to  the  eaxthqvnke.   Boeever,  for  the  san^  soil*  only  a  basis  for 
determining  possibility  of  Uguefactlon  of  poor  soil  was  described  without  including 
detailed  requirements.    It  seems  to  be  very  iinport«mt  to  examine  the  dyneunlc  properties 
of  clay,  but  no  requirements  are  provided  for  examining  strength  properties  since  It  was 
simply  agreed  in  the  coeffliittee  that  the  earth  structures  would  gain  strength  required  for 
safety  after  their  construction.     It  was  found  that  a  dyneimic  test  method  capable  of  pro- 
ducing results  clear  as  these  by  dynamic  triaxial  test  used  for  checlcing  poor  semdy  soil 
was  not  available  at  this  time. 

Thus,  methods  for  analyzing  the  sliding  of  slope  were  not  positively  stated  in  the 
Earth  Hork  Hanual.    It  should  be  noted  that  aome  manuals  axe  using  the  circular  arc  slip 
surface  nsthods.    Mowsvsr*  muv  variaticne  can  be  eaveeted  in  details  in  ths  nsttaod  of  the 
Manual  nhere  the  sliding  plane  of  varioua  toza»  ia  ooabined  with  the  seinio  coefficient 
nethod.   A  few  easnples  vill  he  described  hereinafter*  hot  sobs  of  thSM  are  sowewhst 
identical  to  these  already  nperted  as  "earthgoake-resistive  properties  of  earth  fill*  at 
the  5th  joint  SMeting. 

Itaere  are  three  nettaods  in  the  linear  sliding  plane  aspvoadiesi    (1)    sliding  plena 
is  treated  as  infinitely  long  slope  as  ««ploysd  by  national  Railway  Laboratorlss  and 
othersi  (2)    resistance  at  the  bottov  edge  of  the  slip  surface  is  ccsfpensated  in  the  nethod 

ussd  by  Seed  and  Gocdneni  and  3)  sliding  plane  passing  thzoo^i  the  toe  of  the  slope  is  ussd 
fay  the  Design  Standards  tot  mfaour  structuree. 

The  circular  arc  slip  surface  methods  are:     (1)     standard  method  applying  seismic 
force  to  center  of  gravity  of  each  slice;    (2)     design  criteria  for  earth  fill  dam  applying 
seismic  force  on  slip  surface?   (3)     design  standards  for  Harbour  Structures  where  influence 
of  seismic  force  is  not  applied  to  resistance  term;   t4)     report  of  research  by  National 
Railway  and  proposed  design  criteria  for  an  artificial  xsland  of  Tokyo  Bay  by  Japan  Road 
Association  where  the  seismic  coefficient  is  applied  only  to  earth  fill  In  providing 
resistanos  to  eartbiuake;  and  <S)    so-called  folded  line  wethod  where  a  i^ecial  iosm  is 
assunsd  for  the  sliding  mass  of  earth  fUl. 

The  latter  Mthods  {circular  arc  t^fpe)  are  employed  trtisn  the  results  of  the  coeputa- 
tlons  by  standard  nsthods  are  unable  to  assure  etebility  due  to  exosptionslly  Isrge  siass 
of  structure  or  unusual  focn  or  to  provide  baais  for  calculations  by  accurately  etudying 
marhani  an  of  phenoeenon  with  varioua  devices  ond  by  various  types  of  sivplifioaticns.  By 
this  sfi^roaah*  each  of  theae  phenoBena  is  — — In  detail  for  evaluating  its  contribution 
to  reeietanee*  and  thus  extra  forces  hidden  in  ths  celculatimis  will  bs  reduced  accordingly* 

V-48 


Digitized  by  Google 


4.  EBSiGH  Bar  usnacniBHT  cmmm 


m  tiba  design  of  a  retaining  mil,  one  pcoblea  Is  the  valus  of  the  destxvctive  dls- 
plaoement  to  be  luedf  and  this  is  not  the  problem  concerned  with  the  earthqMake  alone*  It 

was  tried  to  make  provisions  for  displacement  in  the  Memual.    As  reported  previously,  there 
will  be  a  number  of  different  types  of  failure  in  earth  structures  caused  by  actual  earth- 
quakes.    However,  a  type  of  failure  similar  to  that  modeled  in  an  analysis  is  hardly  found. 
In  fact  a  slight  projection  of  retaining  wall  after  an  earthquake  may  be  found,  but  complete 
overturning  or  sliding  is  rarely  found.     Most  of  the  failures  stop  after  a  certain  degree 
of  progress.     Even  if  an  overall  failure  occurs  it  is  usually  made  as  a  part  of  overall  slope 
failure  instead  of  its  own  independent  failure.     Also  in  the  case  of  earth  fill,  overad,! 
failure  rarely  occurs  unless  a  liquefaction  is  present. 

All  of  these  phenomena  are  called  "failure'   so  that  various  types  of  recognitions  for 
the  failure  become  unclear.    A  number  of  phenoBKia  existing  in  reality  are  all  cast  in  the 
liaitsd  nuslber  of  foxMB#  xesulttng  in  a  shortage  of  ueefial  Infoaatlon.    it  mmy  be  natural 
to  find  this  kind  of  prohlem  in  old  refersnoM  investigated  but  a  oooplete  record  aay  not  be 
obtained  in  earthviako  dsnage  investigation  conducted  in  recent  years  unless  the  pcoblee 
stated  above  is  reformsd  In  investigation.    Mien  an  aetuad  dmage  is  seeot  each  person 
■ay  classify  it  differently  ttam  others.   Also,  a  daaage  nay  look  as  if  it  can  be  classified 
into  certain  types  at  a  glanesf  but  an  engineering  nethod  twe  quantitatively  detereinlng 
the  dsnage  by  a  survey  has  not  been  studied  consciously* 

Slip  failure  of  road  enbantaaent  caussd  fcy  earthquake  in  the  middle  district  of  oita 
Prefecture  may  be  a  good  enapls  of  tiiis  pacoblea. '  At  a  glance  or  from  photographs  of  damage, 
the  contents  of  damage  lock  very  clear  but  it  is  extremaly  difficult  to  record  it 
quantitatively  es  a  prototipa*       ae«is  very  difficult  to  imagine  a  real  state  of  a  damage 
from  drawings  of  data  gatbued  only  from  Survey  of  Soil  Property  for  Disaster  Restoration 
Mbdc.    Regardless  of  the  consequences,  it  may  be  an  only  mi^f  to  produce  drawings  according 
to  a  pattern. 

Because  of  this  uncertainty,  many  people  are  used  to  thinking  that  consideration  for 
failure  of  earth  structures  by  earthquake  is  unnecessary.     However,  this  is  mainly 
because  conventional  analytical  models  cope  with  a  boundary  condition  where  a  failure  may 
start,  but  it  should  be  understood  that  a  structure  can  be  utilized  even  after  this  boundary 
state  is  exceeded.     The  discussion  may  be  advanced  with  such  a  view  in  which  the  use  of 
structures  is  precluded  taken  as  a  limit.    For  this  purpose,  also  an  effort  to  adopt  a 
design  method  detnmining  a  failure  by  dlsplacoBent  criteria  may  be  required.   Bowever,  this 
method  has  not  bssn  adopted  in  the  recent  revision  of  the  mnual. 

5.  PROcaoss  or  dbsigii  pxihczpes 

Empirical  techniques  of  design  for  earth  structures  have  been  useful  for  the  design  of 
Structures  with  limited  siaes.    But,  uncontrollable  factors  will  appear  when  tbe  sises  of 
structures  increase*   At  first,  the  difficulty  in  design  is  overoons  by  modifying  values 
expressing  12ie  oharaoteristics  of  soils  used  in  design.   Whan  this  approaoh  heeomes  no  more 
appropriate  to  design,  otiior  mecdianiaal  or  qualitative  developmsnt  must  be  eiqtected. 
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The  problem  in  evaluating  the  influence  of  earthquake  may  be  the  same  as  that  stated 
above.     This  problem  can't  be  solved  simply  by  increasing  the  accuracy  of  the  same  analytical 
method.     This  problem  requires  a  certain  new  method.    As  presently  done  so  often,  resorting 
to  the  strength  characteristics  such  as  "c"  and  "fS"  (which  ue  not  related  to  strain)  as  a 
xtnit  of  analysis  of  soil  propartlas  Is  an  aoonstaswd  asthod  in  nonal  approadiM  of 
Mchaalcs.    BOHmrmt,  poMibility  of  solving  pctdblM*  within  this  oonvantioiial  araa  of 
appcoacb  Is  Iwoftng  vavy  snail. 

6*   CQHSzamixioii  won  cwvbbxs 

Lastly*  4m  iaf luancas  of  aarthquakea  are  not  takan  into  consideration  in  th«  design 
principle  for  onlviBrts  in  tin  Msnnal.    Howsvar*  in  tlia  dssign  of  gate  type  culverts #  one 
paragraph  of  tlie  Manual  requires  an  analysis  with  earth  pressures  acting  only  on  one  side 
daring  oarthqnaka  even  if  the  earth  pressures  say  be  acting  on  ho^  sides  in  reality.  In 
this  oasof  the  nethod  for  oesvuting  the  earth  pressures  during  the  eartbqpiake  is  not 

7.  XNPRBSSIOHS 

(1)  nsvision 

Stihjects  related  to  earthquake  In  the  revised  Bartii  Work  Manual  have  bean  described 
above*  and  new  ny  inpressiens  will  be  stated  below. 

An  iaipcKtant  point  is  that  najor  obanges  covering  a  wide  area  of  subjects  nay  be 
required  instead  of  oonventicnal  type  revisions  in  the  s«Me  of  narrow  area  if  a  design 
■anual  for  earth  structure*  is  to  bs  revised  in  the  future.   Methods  used  in  vmny 
revisions  iip  to  now  are  to  revlee  paranatric  values  of  earth  nedianios  while  waintaining 
the  sane  qualitative  nechanisn.    This  traditional  appmiacSi  mf  ha  llfld.ted  in  ita  effect* 
even  if  the  accuracy  of  the  values  of  paraoMSters  is  improved  fey  neeuis  of  many  experinents 
since  the  approach  is  not  considering  non-uniformity  of  the  quality  of  earth  structures. 

Ab  a  result,  this  may  raise  a  question  whether  properties  of  earth  structures  ceui  be 
expressed  by  accumulation  of  minor  items  as  expressed  in  normal  mechanics.  Normally, 
in  research  activities,  more  details  are  investigated  as  the  research  progresses.     But  the 
entire  picture  can  be  sjore  exactly  understood  if  inacroscopical  view  is  taken  as  long  as 
the  magnitudes  of  disturbance  of  the  properties  are  identical.    A  solution  might  be  to 
employ  a  pKctaabiliatlo  appreadi.    But,  simply  using  the  probability  concept  is  not  desir- 
abls  to  US  since  solution*  by  eonsldering  soil  atsohanioa  sre  onre  iavortant  at  thia  atage 
of  the  develosMnt. 

Mow  let  us  WBWilnft  theae  subjects  in  nore  detail.   As  long  as  we  try  to  understand  a 
phsnoaisnon  fey  the  use  of  data  and  anlaysis*  contradictlona  between  reqairaannts  for  analytical 
accuracy  and  actual  state  will  go  non'-reveraibly  towarda  nore  oontradietoxy  direction.  In 
such  a  caae*  a  prepsr  cenpreniae  aiay  be  neceaaary.   Dsually  the  oca»prflwi*e  i*  conaidarad  to 
be  paaaivef  but*  in  thia  oaae*  it  ataould  be  anre  positive  in  nature  and  this  can  be  achieved 
if  it  solves  the  problam.    Vhe  use  of  allp  snrftios  aiethod  may  be  a  kind  of  ooepeeadae  to  tiia 

prMant  state  of  SMWhanios,  but-  it  is  vary  pracitcal  e*paeially  for  producing  proper 

V-50 


Digrtized  by  Google 


oonpronise  now  is  response  to  the  present  needs.  However,  it  should  not  be  limited  only 
in  an  area  iriiare  values  of  coefficients  are  prepared  unless  it  contains  wider  Bschanical 
area. 

(2)  Benovation 

It  must  also  be  considered  that  the  problem  of  renovation  in  earth  structures  is 

very  particular  coopered  to  other  structural  naterieXe.    With  other  materials,  renovation 
of  a  failed  structure  means  that  broken  portions  are  cooipletely  replaced  by  new  materials, 
though  it  inay  be  sometimes  very  difficult  to  determine  a  limit  of  broken  portion.     This  is 
quite  different  from  the  earth  structures  since  broken  portions  of  soils  are  rarely 
replaced  by  other  new  soils.     This  pherKOTenon  is  rather  quantitative  in  nature  since  a  form 
is  rearranged  by  adding  soils  to  the  broken,  deformed  portions.    On  the  other  hand,  there 
Is  an  example  of  rather  qualitative  renovation.     A  final  renovation  work  is  executed  directly 
on  an  etnergency  trark  made  immediately  after  a  failure  of  earth  structure.    Thus,  in  earth 
Structures,  wear  rather  than  failure  is  often  more  adequate  ej^ression  to  use* 

As  long  as  the  failure  of  earth  structure  is  treated  aa  stated  above,  it  nay  bei  very 
difficult  to  expect  a  ccnplete  answer  to  the  design.    That  is  why  «  consistent  description 
in  a  linlt  of  a  qr«ten  will  five  a  justification  as  stated  previously. 

But,  it  is  undnstood  that  this  trp9  of  systen  mst  eiq^lMioe  a  qoalltative  ijq^ravs- 
w»ot  of  the  Method  at  a  certain  stage*   Beseaech  and  design  are  Bntually  eonbined  in  subh 
tgpw  of  relaticnshipe.   in  earth  structures,  however,  this  Kind  of  stage  is  long  overdue, 
and  the  result  is  slow  progress,    theoglh  only  these  kinds  of  findings  are  useful  for  design, 
tiiey  are  not  all  of  the  present  fruits.    K  great  maiber  of  ilata  resulted  fron  various 
types  of  enormous  In-house  analytical  eaqperimsnts  must  be  totally  integrated  to  utilise  them 
for  the  iiprovwasnt  of  the  method. 

<3)  Tens 

He  are  accustomed  to  the  use  of  existing  concepts  when  observing  something.  Especially 
in  soils  engineering,  concepts  developed  in  other  fields  of  science  are  often  used  without 

modification  since  analytical  soil  dynamics  is  very  slow  in  its  progress.    The  present 
approach  may  bo  handy  for  an  approximate  understanding  but  chance  for  true  understanding  can't 
be  achieved  simply  by  this  borrowing  of  concepts.     Also  a  significant  progress  can't  be 
achieved  as  long  as  a  chaos  exists  in  the  technical  terms.     The  chaos  also  exists  in  the 
magnitude  of  sizes  and  forces  but  more  importantly  in  the  areas  of  social  demand  for 
quality  and  changes  in  environmental  conditions. 
<4}  Priority 

In  the  dlacusaions  held  ior  revialona  of  tbt  fiirth  Work  Manual,  a  concept  of  priority 
in  design  of  earth  atructures  wes  once  taken  into  eonsidereticn  in  an  attespt  to  prwent 
the  failure  of  struotures  having  top  priorities.    It  will  be  very  hard  for  ma  to  understand 
if  this  ccncapt  is  brought  to  an  attention  only  for  oonipensatlng  the  design  method  eoploy^ 
lag  "o"  and  "0".    It  is  not  sufficient  to  use  the  priori^  cancsgpt  only  for  Innedlatoly 
solving  discrepancy  that  hM  not  been  resolved  fay  "c"  and  "0". 

This  gives  an  iaipresslcn  that  all  unclear  subjects  are  to  be  approached  with  the 
priori^  oonoapt.    it  may  be  possible  to  establish  the  priority  conoapt  to  restrict  the 
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designs  for  high  priority  structures  for  preventina  the  failure,  but  it  Is  very  difficult 
to  determine  the  priority  for  actual  structures  agreeable  to  people.    Also  the  priority 
or  valVM  is  not  a  constant  factor  in  nature,    changes  in  the  priority  or  value  are  normal 
■ad  it  is  not  a  sinipie  phenoBsnon.    Sha  changing  stata  doasn't  iiaan  diaanaions  ok  shapas 
of  struotura  itsalf  but  naaas  social  daainrts* 

If  tlw  prloritY  is  vndarstood  in  tliis  vv*  it  nny  bm  a  tgpa  of  an  «^pc««slon  fbc 
iadioating  aecial  i^portaaoa.  Am  stafesd  abova  the  priority  ooncapt       brom^t  to  an 
attsntioo  as  an  laportant  oonoaipt  in  tha  daaign  of  aar^  atruetovaa  but  its  ■aantng  f aiiad 
to  obtain  tiia  oooBon  tmdarstanding. 

(5)  Postscript 

lastly  X  oensidar  oooditlons  nhara  strvoturas  Mdo  of  earth  can  ba  prodaead.    Zf  only 
tha  pvobability  of  failura  dnring  aartikqnaka  is  takan  into  aoeouatf  pcodnetlon  of  atVDCtmraa 
by  soil  any  beooM  i^poaslbla.    fivosure  to  any  othar  tarpa  of  diaaatar  nnst  also  ba  takon  Into 
considaration.    Also*  it  nay  ba  possibla  to  diacuas  a  diffarance  in  hunan   sansas  batwaen 
product*  Bade  of  aarth  and  thoaa  aada  of  ataal  as  a  factor  in  ecoaidarlag  aartb  atcveturaa. 
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STDDm  (M  1HB  MBISmC  pnOPBRTIBS  Of  HBBRBROmiD  PIPIS 
XBiicdil  Olitani*  Cbiaf  r  Baxtiiqiiika  ftiglii—riag  UbocatoKy 
Mobagrtiki  09«Mftf  iiMMMib  iiwti>r,  Eartihqoak*  BiglttMriiig  L^teratory 
Chikahlzo  NIimmm*  ItoMarch  nmtnst  tartlivaalw  ftigliiMriiig  LaboirAtozy 
■atloiial  AaaMtch  Oratar  for  DlHstar  Vxuwuatim,  Soloioa  and  Tadmology  Agaiicy 

ABSTRACT 

Shis  paper  dsBcribes  the  anverlaBnts  of  undexgroiuia  pipes  Iqr  oein?  the  lerge-ecale 
■baking  table  of  the  Hatlonal  Heeeirch  Center  for  Disaater  Prevention*  the  aaalyaia 
reaulta  of  ^^piiaMio  mtar  pK«mnr«  en  pipellBea  ««iMad  hf  aarthqiiaka  aptloBs,  and  tha 
pcoblM  of  the  slip  batwaan  tiie  awrfae*  of  pip*  and  tba  aell. 

TMO  kinds  of  eaqpsriwants  were  asecuted.    In  the  first  ei^erl—nt  a  linear  pipeline 
(stael)  m»  boriad  in  tha  vptnad  at  Ham  vielaltar  of  ^s  shakiaf  tabia.  iha  taat  plpallaa 
Mas  excited  by  the  waves  which  %rere  generated  from  the  shaking  table  and  transmitted 
through  the  ground.    The  behaviors  of  this  pipeline  and  the  grotind  would  not  always  be 
similar  because  of  the  differences  in  the  rigidities  between  pipe  and  soil  emd  in  the 
boiindary  conditions  of  pipeline  ending.     In  this  experiment,  slight  differences  were 
measured  between  the  behaviors  of  the  test  pipeline  and  the  ground. 

In  the  second  experuaeat,  a  steel  pipeline  with  a  branch  pipe  was  set  on  this 
shaking  table  and  one  end  of  the  main  pipe  was  cluffped  in  the  shaking  table  foundation. 
And  this  pipeline  was  buried  in  the  sand  pit.     The  bending  strains  arid  restoring  forces 
o£  this  pipeline  were  measured.    The  dynamic  strains  had  the  values  similar  to  those  of 
Static  strains  for  the  saaw  dit^lacemints.    The  farateresis  loops,  drawn  by  the  restoring 
fioroa  and  digliowwnt  at  Him  eloved  and*  had  tha  energy  absorptia«.   the  naoeasity  for  the 
aacond  aaqpariaant  was  baaed  on  tiia  slip  uhloh  had  grown  around  tiia  pipe  aovfaea  la  dia-" 
astzous  earthquakaa.   lha  alip  valvaa  of  the  infinite  length  pipeline  with  a  branah  pipe 
ware  caleolatad  for  slnaseldal  ground  waves. 

In  addition  to  these  problans  ooneemlng  water  sqeply  plpellnas*  etc.«  ths  water  pressure 
in  the  pipelines  has  to  be  oonsidered.   In  this  p^per*  the  prooeduxa  for  eatlnating  the 
distributions  of  iignmic  water  pressures  caused  br  earthquakes  without  the  so-ealled  water 
haasMr  has  bean  developed.    Por  exiqpla,  the  ^pnanie  water  peeaanraa  for  nodal  plpallaaa 
are  oaloulated. 

KEYWORDS:    Dynamic  water  pressure i  shaking  table}  underground  pipes;  vibration  experiments. 
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1.  IMTRODUCTION 


In  tlM  c»MS  of  damaging  aarthquakaa,  aucih  aa  tiia  1923  Kanto  fiarthgiiaka  and  tha  1974 
xauhaDto-okl  xastiiqiialui  and  ao  on*  tha  undaxground  pipalinea  wara  aavaraly  daaagad.  Sona 
of  tiia  daimga  haBpanod  to  ba  btought  about  by  londslidaa  and  falling  atonas  acconpanlad 
vlth  aarthvMdEas*   But  la  noat  caaaa  daaages  would  b«  brought  about      tha  ground  aotiona 
during  aartbiiuakes.    lliexe  would  be  anny  pipa  baraaka  in  tiia  vioinitlea  of  structures,  and 
the  boundaries  of  different  ground  properties  would  be  more  vulnerable  than  in  general 
sites.    Almost  all  of  the  pipes  would  be  broken  by  the  axial  and  bending  deformations, 
and  the  increase  of  water  pressure  would  occur  during  earthquakes.     The  daitiage  patterns 
of  pipes  would  vary  in  accordance  with  the  types  o£  pipe  materials,  the  ages  o£  being 
buried,  the  methods  of  pipe  joints  and  pipe  sizes. 

The  ascismic  properties  of  underground  pipe  lines  were  already  studied  by  many 
researchers  -  A.  Sakurai,  and  the  Ministry  of  Construction,  and  so  on,  and  many  valuable 
results  were  brought  by  them.     In  the  present  paper,  the  experiments  using  the  large-scale 
shaicing  table,  the  vibration  ejqperistent  of  an  underground  pipeline  of  finite  length  and 
the  farced  dlsplaosa«it  experijnent  of  T-shspsd  underground  pipelines  are  discussed.  In 
addition*  the  dynamic  water  pressure  caused  ty  earthquake  ere  calculated. 

2.    THB  VIBmrZON  BXPBRXNBHT  OP  M  1»BB»5R0ailD  PIPELHIB  OP  FINITB  UNGIH 

Tbm  ground  vibrations  around  the  shaking  table  amount  to  3-10  gal  during  the  shaking 
table  excitations  with  the  heetvy  loading  weight.    This  level  of  vibration  oorreqponda  to 
the  earthquake  of  Intensity  III  of  Japan  Meteorological  Agency  scale.    Thesse  ground 
vibrations  were  used  for  the  underground  pipeline  experiments.     The  steel  pipeline  6.5m 
long  and  139.8  mni  in  diameter  was  buried  in  the  depth  of  about  40  cm,  parallel  with  the 
direction  of  this  shaking  table  excitation.     Accelerations  and  strains  measured  were  only 
ir.  the  axial  direction  corcponent  oi  this  test  pipeline.         Also,  the  ground  acceleration 
o£  this  component  was  measured.    The  ground  acceleration  measured  was  about  3  gal,  and  the 
apparent  tranamitting  velooitiea  Mere  atqppoeed  to  he  150-800  m/m  idth  the  diipMtsion  by 
another  ei^eriment.    The  axial  atrain  vnlnes  of  the  test  pipeline  during  the  excitations 
uere  4xl9^  in  maximum.   According  to  rigs.  2  and  3f  differencea  in  btiiaviora  of  this  teet 
pipeline  and  the  ground  were  found  to  be  small. 

The  displacement  equation  in  the  axial  direction  component  of  the  underground  pipeline, 
using  the  coefficient  of  eobgrade  reaction,  is  eitpresaed  aa  followst 

3'u         3*u       ^  , 


where  E  =  'ioungfe  ciodulus  of  the  pipeline,  A  is  cross  section  area  of  pipeline,  p  is  the 

unit  length  mass  of  the  pipeline,  k     is  the  Interaction  spring  between  ground  and  pipe- 

ga 

line,  x  is  ths  co-ordinate  in  parallel  with  axial  direction,  u^  is  the  abeolute  ground 

diflplacsmentf  u  is  tiie  absolute  pipe  dlsplaoemant.    k     would  be  obtained  approximately 

9^ 

aa  followst 
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The  pliwllM  MS  aasuMd  to  ba  burled  In  tho  Infinits  depth  for  oonvenieiice.  The 

length  In  the  exial  direction  ves  alao  aaaiawd  to  be  infinite.   Xhus*  this  problem  «ia» 

reduoed  to  tiio-dlnaneional  procedure*   ihe  equation  for  obtaining  k    by  the  nae  of  polar 

g* 

eo-ocdinate  r-6  was  given  as  follova: 

  +  +  +  TT   0  (2) 

9r»  '    3r        r*    96*        ®  at* 

where  G  is  the  shear  modulus  of  the  ground,  u^  is  the  ground  displacement  for  the  axial 
directu.on  (perpendicular  to  the  r-e  plane),        is  the  unit  volume  mass  of  ground. 

The  solution  of  this  equation  would  be  assumed  as  u^"e^'*'^*R(r)  •©  (9)  .     it  would  be 
sufficient  to  assume  the  uniform  radiation  wave  only,  because  of  infinite  medium.  The 
boundary  forces  and  displacements  along  the  pipe  surface  would  be  assumed  to  be  continuous, 
tbevefiare*  ttie  diaplacMents  along  the  pipe  surface  are  written  aa  followst 

"  0  i«t 

 —   fio  • 


A  ie  tiie  radius  of  the  pipe,  V  is  the  shear  velocity  of  the  ground,  Q.e^^  is  the  axial 
force  acting  on  the  pipeline,  (i)  is  the  circular  frequency*  B^^^^  (^)  and  (r^)  ie  the 

Hankel  function  of  the  2nd  kind. 

u  (a«t)  corresponds  to  u  -u  in  the  first  expression.    Thus«  k     would  be  given  as 
X  g  ge 

follomi 

V  ■  "       „<2)  ,tt>a.  (4) 

"  0  ^T* 


where  k      is  expressed  in  complex  numbers,  and  the  values  of  k    /(27rG)  are  shown  in  Table 

ga  ga 

1.    Because  this  problem  was  analysed  in  two  dimensions,  the  static  value  of  k     would  be 

g* 

equal  to  zero. 

The  solution  o£  the  first  expression  for  the  stationary  sinusoidal  waves  with  the 
boundary  conditions  of  the  free  ends  is  %fritten  as  followst 


u(x.t|  - 


kga 


ittit 


Va*  t 


COS(j|)  SINHU^X) 

Va  la  COSKdaft) 


SIN(— )  COSH(AaX) 
V«  la  SZMKXaA) 


<5) 
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A^2«    .  giw(t  -  ^  (5  cont'd.) 

BA  +  iCau 


Va  is  apparent  tremsmitting  velocity  of  the  ground  excitation,  C«  is  the  damping  of  the 
pipeline,  and  2i  is  the  length  of  the  pipeline. 

Besides,  another  solution  for  the  first  ei^ression  with  the  use  of  modal  fuialyses 
%»ould  be  expressed  as  follows: 

u(x,t)  •  ^  (pp  tnU)  qn(t))  (6) 


whan  8   1«  ttw  nth  nodal  partioivAtlon  factor,  0  (x)  Is  tha  nth  natural  funotion*  and 


n 


q^(t)  is  tli«  nth  nonMl  eo-ozdinat«. 


Vp2  k_ 

f„*»  (— )  (   +          )  (7) 

4        p  EA 

1^2.  (  )  (   +  -) 

where  is  the  transmitting  velocity  of  longitxwJtnal  waves  along  the  pipeline,  Jc^  is  the 
spring  between  the  pipe  and  the  ground,  and       is  the  damping  of  the  ground. 

Sufipoalng  tha  sinusoidal  gxonnd  axolcadon  u^^e^'^^^'"^*^  as  tils  Input  w<rm  for  th* 
tmdergromid  pipalina,      would  ba  a^qpresssd  as  follawst 

,    si»  .ir(f  +  „    SIN  -r-> 

^n"  *r«  n      in       *  <-«  «     to  J 


where  £q  is  the  length  of  the  pipeline  and  L  is  Uie  wavelength. 

According  to  these  considerations,  if  the  input  ground  wave  have  sufficiently  Ipng 
wavslangths  in  ooaparlaoB  idth  lOia  pipa  langth,  the  pipalina  UDuld  glvs  alMOSt  tha  aana 
bahavlors  to  tha  ground.    Bowavar*  In  tha  sh^t  uwalangth  input  wavaa*  the  pipellna 
vould  giva  eeaiplieatad  brthawlors. 

lha  slight  dlffarancas  batwaan  tha  tast  pijpalina  and  tha  ground  In  this  aaasuraaant 
will  ba  anplalnad      thaaa  raasons. 
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3.    THE  ronov  DXSPXMaMBNT  BXPBRTHBItT  OT  T-SHKPBD  OHDBHGHDOWD  FIPBUIIB 

In  the  disastrous  earthquakes,  the  pipelines  are  supposed  to  slip  aloncr  the  boundary 
of  the  pipe  and  ground.     In  this  case,  the  axial  spring  between  the  pipe  and  the  ground  is 
assumed  to  be  represented  by  the  bilinear  loop.     Supposina  the  sinusoidal  cround  waves,  k 

ga 

nay  be  expressed  with  the  first  term  of  Fourier  series  for  the  bilinear  loop        follows i 

kga      J^ltC  +  IS  )  (10) 

where J 

C  »  I  SlN(2#))<l-o)+«,    S  -  i{l-o)Sl«*{*) 

2iia  kg  W  h 

k-2vCGkr,      ♦  -  COS^'U- Ug-  5j  

o  is  «h«  bilin—r  oMfficimt,  U  U  tlM  r«Utiva  dUplacOTwit  tetwMA  tiM  pip«lltM  and  the 

ground,        is  the  elastic  spring  between  the  pipeline  and  the  ground,  C  is  the  decrease 
coefficient  of  G,  h  is  the  thickness  of  the  backfill  soil  over  the  pipeline,  W  is  the  unit 
volume  weight  of  the  backfill  aoil,       i«  the  coefficient  of  dynamic  friction  between 

the  pipe  surface  and  the  soil.  ^ 

If  the  sinusoidal  ground  wave         e''''^'*^    V^^  is  applied  to  the  T-shaped  pipeline,  parallel 
with  the  axial  direction  of  the  main  pipe,  the  displacement  of  the  pipeline  at  the  junction 
would  be  given  in  the  condition  of  infinite  length  for  each  pipe  as  follows: 


Uj  lb  <1  +  J^bb 


"       (x„  ««  +     ^b  <i      t'^bb  -  Pb  «*> 


4   *  hio'*' 

EI„+iCbb<>>  Bl^l-i  Cbn 


E  An  +  i  Ca  M  2  *bo^^  *  V  hi 


where  I    and  I.   stand  for  section  moments  of  inertia  of  the  main  pipe  and  branch  pipes, 
n  D 

p    and  p,    stand  for  unit  length  masses  of  the  main  cind  branch  pipes,  C,     and  C,  ,    stand  for 
'^m           b  ^  ^  bm  bb 

the  damping  factor  of  the  main  and  branch  pipes  attributed  to  bending  vibrations,  C  stands 

m 

for  the  dan^jing  factor  of  the  main  pipe  attributed  to  the  axial  vibrations,  k^^  and  mean 
the  ground  springs  for  the  bending  displacesnents  of  the  main  and  branch  pipes,  Va  means  the 
apparent  traMBittlng  velocity  of  the  input  ground  wave  in  the  direction  of  tbe  ndn  pipe 
Mtie. 
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Figs.  8,  9  and  10  are  the  calculation  results  of  the  expression  (11)  for  the  parameter 
values  of  U^=0.2cm,  U=10an,  kj^=kj^^=28kg/cBi^ ,  w=i.9g/cin^,  h=120ctn.    In  the  calculations,  the 
dantping  factors  of  the  pipes  were  neglected.    Judging  from  Figs.  8,  9  and  10,  the  relative 
displacenants  (slips)  batMMn  tli«  «rround  and  pipe  at.  the  junction  nould  incMam  if  inpu^ 
waves  have  iboxt  wavelmgtha.   Vhe  pipelliw  witii  branch  pipes  would  hava  small  vala^lvw 
displaccnants.    As  a  result  of  this  relative  dlsplacemnt,  the  concentrated  bending  ■oaents 
would  occur  at  the  junction  points. 

TO  exaadne  these  concentrated  bending-monent  strains,  the  experiment  illustrated  in 
Fig.  5  was  executed.    The  steel  pipeline  with  the  sane  pipe  section  as  in  the  flret 
sn^erivent  was  set  on  tlie  shaking  table.    One  end  of  this  naln  pipe  was  cli«v«cl  in  the 
shaking  table  foundation.    And  this  test  pipelines  of  T-shape  was  buried  in  the  sand  pit. 
lha  banding  strains  and  reatoring  forces  caused  by  the  Shaking  table  displacenents  were 
measured.   The  dynamic  strains  excited  by  the  iHz  sinusoidal  waves  were  £6und  to  have  the 
value  similar  to  the  static  strains  for  the  same  diqplaeements.   The  l^steresis  loope  at 
the  dumped  end  showed  the  absorption  of  energy »  as  illustrated  in  Fig.  7. 

4.    DYlnuaC  tOkTBR  FRBSSORB  Cff  VIPBUIIB  CKOSSD  BY  BARTHQUAKB  MOTION 

Pynamic  water  pressure  of  pipeline  caused  by  aarthquoka  notion  is  one  of  the  design 
factors  of  water  supply  system.   On  this  subject  Nskagawa  (Hef .  7)  performed  theoretical 
studies  and  offered  S0D\e  practical  conclusion  on  maximum  water  pressure  at  the  stop  end, 
bend,  junction,  etc.  of  pipeline  due  to  sinusoidal  earthquake  motion.    He  made  an  attempt 
to  approach  more  actual  conditions,  that  Is,  to  estimate  the  dynamic  pressure  distribution 
in  the  pipeline  system. 

Basic  assumptions  rire  as  follows: 

(1)  Any  part  of  the  pipeline  is  forced  to  have  the  same  motion  as  the  ground  euround 
it  during  the  earthquake. 

(2)  Earthquake  motion  ia  stationary  sinusoidal  wave  at  any  place. 

(3)  Only  the  dynmnic  water  pressure  due  to  axial  motion  of  pipeline  is  considsred. 

(4)  Propagation  of  pressure  wave  in  the  pipeline  is  considered  to  be  one  dimensional. 

(5)  Pipeline  system  is  in  the  horisontal  plana. 

Then,  oonsidaring  tiie  aarthquaha  notion,  tlia  oquatlona  of  notion  and  continui^  of  watu  in 
a  pipe  elanwnt  are 

V 

where  x  is  the  co-ordinate  along  the  axis  of  pipe,  t  the  time,  P  the  pressure  diange  from 
stationary  valua,  v  tiie  particle  velocity  of  water  caused  by  earthquake  motion  (relative 
velocity  of  vibration  to  pipe) ,  ^  the  ground  di4S»laeement  along  the  axis  of  the  pipe 

(component  in  axial  direction  of  the  pipe) ,  a  the  velocity  of  pressure  wave  propagation, 
p  the  density  of  water,  and  Q  the  linearised  reaistanoe. 

V-5B 


Put  ^(x,t)"€e'*''^  IfX)  ^  and  coosiderijig  stationary  solution  v=V(x)e-''"*^,  and  p=P(x)e^'^^' 


we  get: 


-sx  sx       jM(a^k^  -«^)  .-ikx 

jwQ  4  a^k^  -u2 


«riittre  P^,  Pg,  etc.  are  oonstants  to  be  detemined  by  boundazy  oonditlona*  8«j(iflc/a* 

lCi»l-j(Q/u))  and  j=/T. 

Considering  that  a  is  constant  in  pipeline  system  for  simplicity,  and  using  the  boundary 
condition  (equality  of  pressure  and  continuity  of  flow)  for  bend,  T-junction,  etc.,  Vfa  can 
express  a  general  formula  for  dynamic  presr^ure  amplitude  as  follows: 

Pressure  amplitude  ■  Velocity  ajnplitude  of  ground  motion   (jU)C)x  (1^} 

Wave  impedance  in  pipeline  (pak)xB 
where  B  is  determined  by  u,  Q  and  network  system  of  pipeline  considering  the  direction  of 
the  ground  motion. 

In  order  to  obtain  pressure  distribution  in  general  pipeline  syst^ns,  we  can  use 
nvnerleal  eonpotattons  basad  on  solution  (13)  as  follcMS.    Oonsldarln?  a  natnork  systen  ot 
pipelina  including  H-nodal  points  (stop  end,  bend,  etc.},  %diitih  bave  lineaz  boundary  condition 
on  pressure  and  flew,  the  boundary  condition  at  a  nodal  point  I"!* 2, . . .  ,N  is  urittan  In 
natrlx  form  p 

i 

Supposing  a  two-dimensional  horizontal  ground  motion,  and  substituting  the  solution  (13)  of 
each  pipeline,  we  will  have  a  simultaneous  linear  equation  including  the  boundary  conditions 
of  all  nodal  points  and  ground  aotiens. 

m  (P)  -  (S)  (16) 
Solving  tbis  equation,  we  any  obtain  P.,  P_,  and  tbe  presaure  distribution  of  pipeline  system. 

Pig.  11  shows  an  exanple.    In  this  exaaple  it  Is  assunad  that  the  freguenoy  of  ground 
notion  f«1.4HB,  propagation  velocity  of  ground  notion  (apparent  veloei^  at  ground  surface) 
v^"100^/8ee. ,  and  danping  (^0.   Ten  nodal  points  axe  shoim  by  No.  1»10,  where  Mo.  1,  B, 


and  10  eey  be  infinite  points  which  absorb  pxessuze  mergy  end  have  no  reflection  waves.  Xn 
tills  figure,  the  pressure  distribution  Is  noxBallzed  by  pe(iiC"0.9!lGg/cB  so  as  to  Show  the 
effect  of  infinite  points. 

Prcn  sons  computations  as  shown  above  (Ref .  8)  we  can  soy  that, 

1)  Dynamic  water  pressure  in  the  pipeline  to  be  caused  by  earthquake  notion  has 
frequency  characteristics  which  will  depend  on  pipeline  system  and  ground. 

2)  Hater  pressure  is  considerably  damped  at  infinite  points  in  pipeline  system,  but 
considerably  high  pressures  may  arise  in  some  parts  of  the  pipelines  which  have 
many  stop  ends.  V-59 
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3)      Pressure  distribution  in  pipeline  system  shows  some  difference  depending  on  the 
ground  motion,  but  it  seems  to  have  a  specific  mode  depending  on  the  structure 
of  pipeline  system,  and  the  maximum  pressure  anqplitude  does  not  always  appear  at 
a  stop  end  or  junction  point. 

SOnilPTHBTflM 

The  behavior  of  underground  pipelines  during  earthquakes  is  expected  to  give  smaller 
vibrations  in  comparison  with  that  of  the  ground,  because  of  the  difference  in  the  stiff- 
ness.   In  the  cases  of  the  pipelines  with  branch  pipes,  the  earthquake  loads  would  be  con> 
•idiMrad  to  be  concentrated  in  the  junction  points.    In  the  design  of  water  supply  system, 
9xeat  care  mst  be  paid  to  tha  dlstribntion  of  pipelinaa  vbava  large  dynande  watar  pxassttraa 
■Ight  ba  causad  by  aarttaquakaa. 

Iha  pmipwtiaa  of  earthquake  ground  notioRS  should  ba  olarlf lad  for  tlie  asaisMle  daaign 
of  undacgxound  pipeline  aa  well  aa  for  tha  other  atruoturaa.   coaaldarlag  tha  livat  earth- 
qpaka  waves  to  the  plpallae,  tha  appasmt  traiiSKtttlng  valoeitiaa  efhonld  be  an  iniportant 
factor  baeansa  of  thalr  wavalmgtbs*   ror  tha  puxpoaa  of  Investlgationa  for  tha  apparent 
transnittitt?  psopertlaa  of  aarthquaka  qzound  aotionar  it  i«  naoaaaacy  to  inteasi^  tha 
aarthqpMka  obaarvatlona  od  the  anrfaoa. 
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Fig.  2   Iteasured  Wavtts  by  an  ZapulM 
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MODAL  PARTICIPATION  FACTOR 

FOR  SINUSOIDAL  WAVE 

U:  pipe  length 
0 (rigid  mode)    L ;  wQve  length 


Fig.  4   Participation  Factor  of  a  Finite  Langth  Pi 
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Fig.  7   Hysteresis  C]irvss  at  the  JUtichor  Point 
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Fig.  8    Slip  of  a  Junction  Point 
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Fig.  10   Displaoanant  and  Strain  of  a  Branch  Pipe 
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raSBRVKiTIOH  or  OniAMZC  BUnyiaiR  or  UHUUM  SOBMBSfiSD  fOMBL 

SDRXIIG  BMOHOnMCBS 
Shigao  Hakayaaar  Chief  of  Subaiqueoiis  Vunoela  aad  Pipe  Lines  Laboratoxy 
Oaaan  Kiyaalyaf  nariMr  of  BviMqfiieom  towmIs  and  Pipe  Linae  udMratory 
Bajiae  TsuchidAf  Chief  of  Bartbq^Mlw  Resiatant  strueturea  Laboratocy 
All  of  stxnctures  Division*  Port  and  Haxbour  Raaeardi  instltate 

Niniatry  of  Tran^ort 

ABSTRACT 

Klnuora  SiiteaBged  Ttemnelf  idticfc  is  located  at  KSaunca  Povt  and  Aiehi  PzefeetuvSf  is 
eqialpped  with  a  nuriber  of  instxuPMmts  oosfwislng  of  aooeIerowstsrs»  strain  a»ters»  bar 
stress  traaadneera,  and  a  diaplaoetteat  aeter,  lAiioh  are  intended  to  serve  the  puzpose  of 
the  tuniiel  ■aintenanee  and  to  provide  data  for  atudying  the  behavior  of  the  aubnerged 
tunnel  during  earthvulkes. 

the  BeasnreaMnt  of  earthqaake  responae  of  the  tunnel  baa  been  carried  out  since  August* 
1973  when  the  tunnel  was  opened  to  traffic.    Fifteen  earthguakaa  have  been  recorded  up  to 
January*  1977.   A  part  of  the  data  tfaua  obtained  and  ita  analysis  have  alraady  been  rq^orted 
by  the  authors  (1).   Ihis  psper  describes  tJ>s  analysis  of  the  data  and  the  result  of  earth' 
qMSka  response  oalculations  carried  out  by  uaing  theae  earthquake  reoorda. 

XBXWOBDSt    Accelerometer ;  axial  force;  bar  stress  transducer;  bending  moment;  displacement 
netex;  dynaoic  behavior  of  tunnel;  power  spectrum;  strain  neter;  submerged 
tunnel. 
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1.     SUMMARY  OF  THE  TUNNEL  AND  INSTRUMENTATION 

Kinuur*  Subntttgwd  Tumwl  i4ileh  oonmcts  tbm  citl«s  of  JbuidA  tMi  Bdcinan  is  a  taiD^ 
lams  higfaMay  ttnnel  having  a  total  length  of  1,560  m.    The  suibinargad  portion  of  the  turaiel 
is  460  B  in  length  and  consists  of  sis  reinforced  concrete  elements »  80  m  long.    Ihe  soil 
conditions  at  the  tunnel  site  consist  of  a  well  canpaeted  sandy  gravel  layer  belotr  a  depth 
of  "17  to  "18  m  and  a  filled-up  layo;  to  the  d^^  of  -5  to  -10  m  from  the  surface. 
Intervening  layer  in  Hands  side  between  the  foregoing  tMO  layers  is  a  very  soft,  unconsoli- 
dated, day  layer,  honevee,  the  intervening  layer  in  Mklnan  side  is  hard  clay  with  N-value  of 
9-13. 

The  arrangenent  of  instruments  installed  in  the  tunnel  is  shown  in  Fig.   1.     A  total 
of  19  acceleroKieters  is  installed,  one  each  in  the  axial  and  normal  directions  to  the 
tunnel  axis  at  the  ground  surface  on  both  sides  of  the  tunnel ,  thus  totalling  four?  two 
each  at  the  top  and  bottom  of  each  of  the  two  ventilation  towers    and  two  more  for  vertical 
acceleration  measurement  at  the  top  of  the  ventilation  tower  on  Handa  side  to  catch  rocking 
notion,  totalling  tent  and  five  in  the  submerged  eleoents.    A  pair  of  strain  netors  are 
installed  at  tiiree  sections  of  the  tunnel  under  the  navigation  cdiannel,  totalling  six.  A 
total  of  eight  bar  stress  transducers,  at  each  junction  of  the  ventilation  towers  and  the 

t 

sutaeerged  tunnel  elenents  is  installsd. 

Bar  stress  transducers  were  initially  used  for  the  execution  control.    Also*  one  dis- 
plaoHMut  aeter  is  Installed  In  the  aiddle  of  the  sulnerged  tunnel,    vhe  trigger  lewel  for 
the  starter  of  these  instrunento  is  set  at  three  gals  and  the  systan  is  so  designed  as  to 
take  the  records  for  three  nlnutes.    The  recording  qrstens  are  located  in  the  ventilation 
towurs. 

2.     EARTHQUAKE  DATA  IMD  ANLYSIS 

Barthquafcu  data  obtained  and  analysed  are  given  in  Table  1.    Earthquake  Nos.  iaillT-4 
through  XiniT-6  were  OMitted  in  the  tabulation  because  th^r  ««re  recorded  only  in  sons 
instrunento. 

All  of  the  earthquakes  recorded  ware  inedlun  scale  (not  exceeding  magnitude  6) ,  and  the 

intensities  at  Kinuura  were  Scale  II-III  in  the  Japan  Meteorological  Agency  Scale.  Shown 
in  Fig.  2  are  some  of  the  records  during  the  earthquakes.    A  study  of  the  data  obtained  by 
accelerorneters  indicates  that  the  values  of  the  maximum  acceleration  on  the  ground  ssurface 
of  Hckinan  side  were  in     most    cases  greater  than  those  on  the  ground  surface  of  Handa  side, 
and  this  appears  to  be  attributable  to  the  difference  in  the  soil  properties  between  the 
ground  at  both  sides  of  the  tunnel.    Unlike  the  foregoing  difference,  however,  almost 
identical  values  were  shown  on  both  sides  in  the  case  of  the  maximum  accelerations  recorded 
at  the  ventilation  towers.    Pron  this  point  of  view,  it  is  presumed  that  the  ventilation 
towers  have  resvoiwes  to  earthquake  different  frcB  those  of  the  tunnel  elenento.    At  the 
tunnel  section  under  the  navigation  channel,  the  record  of  XDHI^l  and  that  of  XDIR^2  showed 
little  difference  in  the  valilas  of  the  MBKiwun  acceleration.    As  for  HDlfT-3  and  XDIIT-?,  how- 
ever, the  values  of  piaatisium  acceleration  increased  as  the  location  became  closer  to  Handa 
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miOm,   At  tbm  OEVVoach  porticm  of  tlw  tunnel*  ths  values  of  the  motlam  acoeloration  were 
■OMiriiat  9vaat«r  than  those  tot  the  tuiuel  alanMnta.    In  the  ventilation  tonerar  the  — 
aeoeleratlon  at  tiw  top  una  greater  tihan  that  at  the  bottoa. 

fha  fourler  analysis  of  navefiocns  Indlcatss  tliat  the  predoadaaat  pwlods  of  xdht-I 
and  XIINT»2  are  significantly  different  from  tfaosa  of  ianiT-3  and  nillT-7.   this  difference 
is  oonsldared  to  he  attrlhtttabia  to  the  difference  in  the  ciharactariatiea  of  tiwae  earth- 
qiiakee*    The  earthquake  Maveform  at  tiie  bed  layer  %iaa  oalculated  hy  tiie  theory  of  aultiple 
refleotlooa      uaing  Una  ground  surface  records  obtained  in  XiiilT-7.    Shoun  in  Fig.  3  are  the 
■wuriwun  accelerations  for  each  stratun  as  oalculated  f roai  the  records  obtained  at  Banda  side 
and  also  the  mxIw  acceleration  as  aeasttred  at  the  ventilation  toMur  (P^S*  -6»  •Id  and  -15) 
and  at  the  on-ground  portion  <P-3)  of  the  tunnel.    It  can  be  seen  froai  the  figure  that  the 
naxlmn  aeoeleration  of  tiie  structure  in  the  ground  was  alnoat  equal  to  ox  slightly  aaaller 
than  that  of  the  ground  itself. 

3.    EMCSHQaMCB  BBSPdOB  CKUCUIATIOHS 

Osing  the  earthquake  reoocdst  earthquake  raspcase  calculations  ware  carried  out  and 
compared  with  the  Meaaured  valves.   The  method  of  tiiese  earthquake  reaponae  calculation* 

MB  proposed  fey  IKMOIA  and  HAMAOA  (2,3),  i.e.,  the  nethnd  in  which  the  responses  of  the 
ground  and  structure  are  obtained  by  replacing  the  ground  and  the  structure  by  an  idealized 
system  conposed  of  mass,  spring  and  dashpot.    As  input  records,  P-2  and  P-9  in  ICtwr-2,  and  P-lr 
P-2,  P-8  and  P-9  in  KUWT-3,  were  used.    The  input  records  were  gained  by  the  theory  of 
multiple  reflection. 

Table  2  shows  the  bending  mooients  and  axial  forces  as  calculated  from  the  measured 
values  by  the  bar  stress  transducers  and  strain  meters.    Fig.  4  to  9  shows  the  results  of 
earthquake  response  calculations.    For  these  calculations,  the  damping  constant  was  taken  as 
0.0  except  for  some  cases.     Black  dots  in  these  figures  represent  the  bending  moments  and 
axial  forces  calculated  from  the  measured  values  given  in  Table  2  and  the  measured  values 
of  aoeeleratloii*    As  for  the  banding  moments,  the  valnss  ealcoiatad  from  tfeie  strain  matere 
agreed  fairly  well  with  those  obtained  by  earthquake  responae  oalenlatlons  aa  ahonn  in 
Pig.  4. 

The  values  cbtalnsd  fey  the  bar  stress  transduoers  were  saswmhat  lower  than  tlie  oalcu^ 
lated  mooMnts.    This  disagrewiBBt  nay  have  been  caused  by  the  fact  that  the  bar  stress 
tranaducers,  having  been  prianrily  Intended  for  the  samcution  control.  Here  not  designed  for 
high  precision  awaaurenent.   According  to  the  reaults  of  earthqualEe  reaponae  calculations  in 
othac  oaaea,  the  mawtmMm  bending  moments  generally  ooeuirrad  at  the  tunnel  prcadante  to  the 
Shore  protection  structures,   Bowaver,  the  calculated  naxlnum  ■omenta  from  the  measured 
values  occurred  at  the  same  point  and  also  at  the  middle  of  the  tunnel  section  under  the 
navigation  Ohannel.    In  view  of  this,  further  studies  will  be  made  as  to  the  cauae  of  this 
result. 

In  the  case  of  axial  forces,  the  measured  values  agreed  well  with  the  corresponding 
calculated  values  where  the  damping  constant  was  taken  as  0.0  as  shown  in  Fig.  5.  When 
the  damping  constant  was  taken  as  0.1,  the  sectioDSl  forces  were  1/2  or  1/3  of  the  value  as 
shown  by  dash  lines  in  Fig.  5. 
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As  shovm  In  Pigs.  5  and  6,  the  staxisoun  axial  forces  occurred  on  the  opposite  side  to 
the  place  where  the  input  record  had  been  obtained.    When  the  power  spectrum  of  the  earth- 
quake waveforms  were  compared  with  the  predominant  period  of  the  ground  obtained  from  the 
■eanixenent  by  nicrotreaorf  it  was  found  that  tbm  period  of  Mrtbcpiak*  Mooxd  of  P>2  in 
Wttf-l  MM  olom  to  tho  prodoaliiBiit  poriod  of  tbm  ground  on  Haklnan  aido*  but  ara  not  cloaa 
to  Oat  of  tba  ground  oo  Banda  alda. 

Wuit  can  be  oonalderad  in  thia  raqpaet  ia  that  tha  aaaiaiptioii  of  tha  aell  oondltlons  aada 
in  tlia  ground  «odalling  Might  hava  bean  aoatwihat  inadeqpwte.   FtOH  this  point  of  view*  tlie 
tunnel  wae  divided  into  halvaa  at  the  ai^^iwt  under  the  navigation  dtaonelt  the  earthquake 
reqonae  oalculatien  of  eaidh  half  of  tiie  tunnel  ifaa  aade  with  the  earthi^take  raeord  obtained 
en  -Uiat  aide*  and  then  tiie  tee  reeulte  ««ce  eupetpoaed. 

In  qqaaaqnanoar  the  peak  of  tiie  aeotlcBal  forcer  vhic^  una  concpleooua  In  tSbm  opposite 
aide  to  tha  one  in  ehicftt  tlie  iaput  was  vade*  diaappeared«  and  a  ccqparatively  flatter 
curve  of  axial  fbrea  diatributien  as  afhosn  in  Fig.  7  was  obtained. 

Fig.  8  MB  plotted  bf  using  the  earthquake  record  of  P-3  in  KUWr-3.    The  maxinum  responae 
accelerations  turned  out  to  be  greater  in  the  submerged  portion  of  the  tunnel.    As  to  P-3, 
P-11,  and  P-16  in  the  sxibmerged  portion  and  P-1  and  P-S  at  the  ground  surface,  the  calculated 
values  agreed  fairly  well  with  the  measurp^i  values. 

Fig,  9  is  plotted  by  using  the  earthquake  record  of  P-2  in  KUWT-3  which  was  in  axial 
direction.     Slightly  differing  from  the  case  of  P-1,  the  acceleration  in  the  navigation 
ch2innel  was  sraaller,  but  the  calculated  values  were  approximately  in  accord  with  the  measured 
values.     There  trhere  the  maximum  response  acceleration  ot  the  navigation  channel 

portion  was  greater  than  those  on  both  sides  or  where  the  measured  values  were  substantially 
lower  tiian  the  caloulafcad  valuaa. 

vhis  will  have  to  be  clarified  bgr       future  studies.    It  is  to  be  noted  in  Table  2 

thatf  except  for  the  awaaured  valuee  in  KDNT^3  by  the  strain  asters  of  S-1  and  8-2*  the 

axial  atrains  were  greater  than  the  bending  strains.   Tbm  iMximiMi  axial  atralna  aeaaored 

the  bar  atreaa  tranaducars  of  K-1  and  K-3  in  nim-3  was  3.75xlO~^.    Since  the  corresponding 

iiairliswii  sxial  strain  obtained  from  the  earthgnske  response  ealcttlatlona  was  3.73xlO~^,  there 

was  a  fair  agreenent  between  thm.    The  weasared  banding  etraln  was  0.92xl0~^  which  was 

ebeut  a  quarter  of  the  axial  strainr  but  ths  naxiaua  bending  strain  as  obtained  by  the 

-6 

earthquake  response  calculations  was  5.78x10    ,  which  is  about  six  tines  as  great  as 
the  measured  bending  strain.    Although  the  calculated  bending  strain  curve  was  of  such 
a  shape  that  its  amplitude  became  large  gradually,  the  measured  and  the  calculated  values 
agreed  well  with  each  other  in  respect  with  the  predominant  period  in  the  power  spectrum. 
Figs.  10  and  11  show  the  axial  and  bending  strains,  and  the  power  spectrum,  respectively, 

of  KUWT-3. 

Predotnxnant  periods  xn  the  measured  bending  strain  were  0.79  and  0.60  second  and  those 
in  the  calculations  were  0.79  and  0.68  seconds,  respectively.    As  for  the  axial  strains, 
1.02,  0.85  and  0.60  aeoooda,  and  0.93,  0.85  and  0.57  ssoonds  were  predaninsat  for  the 
naasured  and  the  calculated  valuee,  respectively. 


V-72 


e 


4.  GOIICLIISKXIS 

While  the  epicenters  of  KUWT-i  and  KUWT-2  were  at  a  long  distance  from  the  submerged 
tunnel  site,  those  of  KUffr-3  and  KUWT-7  were  proximate  to  the  tunnel  site.    All  of  these 
earthquakea  were  of  oooparatively  nndl  scale  but  each  had  its  oim  chaxactaristics.  thm 
fact  that  thay  liad  diffraant  diaractaxiatloB  clarifiaa  that  tha  qrowd  mm  wall  aa  tha  aab* 
■a«9ad  tmaal  bad  bahaviora  dagpaadlag  on  tha  aaxtbqiiaka  caiaxaetMrlatiea.    It  waa  also  fbund 
that,  in  tJia  aarthqoakaa  originatad  far  fxom  tha  tunnal  sita«  tha  long  pariod  coMponanta 
van  pradoKinant  in  ^zooad  aetionr  and  tha  tmnal  had  alaoat  tiia  mamm  btAavlon  aa  tha 
gzound.    On  tha  oontcaryr  tdiara  tha  flpieantara  mxm  locatad  naar  tha  tunnal  8ita#  tha  gsound 
■Dtion  was  govaznad  by  tha  ahort  pariod  oanponanta*  and  tJia  bahaviora  of  tha  tmuiaX 
diffarad  alightly  fron  thoaa  of  tha  gzound. 

tha  vibration  of  tha  atitwrgsd  tunnal  as  a  lihola  aaa  govamad  by  tha  surrounding  soil 
oonditions  at  raqpectiva  saetloas  of  tha  twutal*  and  tha  ground  vibration  diaractarlsties 
along  tha  axia  of  tha  tutaial  wwra  dif  f arant  f  ran  thoaa  in  diraetlon  wunal  to  tha  toanal 
aicia*    It  ia*  tharafora   conaidarad  nsoaaaary  to  invastigata  topography  and  noil  propartiaa 
both  In  tha  diraotion  of  tha  tunnel  axis  and  in  tha  diraotion  nomal  to  tha  tunnal  axis  in 
order  to  determine  the  natural  period  of  the  ground. 

The  greatest  value  of  the  maximum  acceleration  was  found  at  the  ground  surface.  The 
values  of  the  maxitman  accelerations  in  the  ventilation  towers  and  the  submerged  section  of 
the  tunnel  were  almost  equal  to  or  slightly  smaller  than  those  at  the  ground  surface.  At 
the  upper  part  of  the  ventilation  tower,  the  maximum  acceleration  was  found  to  be  smallar 
than  that  at  the  ground  surface. 

As  for  the  strains  which  occurred  in  the  submerged  tunnel,  the  axial  strains  were  found 
to  be  predominant  over  the  bending  strains  in  all  cases  except  one  record  in  KUWT-3, 
and  the  suixiBUD  axial  force  calculated  by  tha  naaaured  strain  was  about  1,100  tona.  In 
view  of  tlM  rasBlts  of  Mrthquaka  raqponsa  ealeulatlomif  it  ia  vary  iavortaat  to  datamlaa 
soil  oondition»  spring  oonstantf  danping  oonatant*  ate. .    Sinoa  tiw  naduli    of  alastici^  of 
aeils  vary  with  tha  lavela  of  tha  ground  strain  during  aarthquakeSf  tha  value  of  spring 
constant  tfiould  ba  datarnined  cn  tha  basis  of  alastic-plaatic  analysis  or  triaxial  vibration 
taste  r  particularly  if  tha  strong  aarthguafcas  are  to  ba  oonsidwrad*    in  these  calculations, 
there  ware  oaaaa  aharein  the  Masurad  straina  showed  fairly  good  agraeaent  with  the  value 

tha  aartitgitaJca  rasponaa  calculationa*    in  aneh  oases,  it  was  found  that  the  pcmmt  iqpaetrun 
for  faotii  had  alao  alailar  pradoninant  parioda.    Valuaa  of  the  ealeulated  aeealaratiooa 
were  aonewhat  larger  than  the  Masurad  values,   this  was  particularly  so  under  tha  navigation 

channel  Mhara  tha  calculated  aocalaratiana  ware  large.     anfl»nsanately,  there  was  no  case 
in  tha  present  observations  where  perfect  zacocd  of  atrains  waa  obtained  at  all  of  tha 
three  sections  of  the  submerged  tunnel. 

Thus,  the  distribution  of  the  sectional  forces  with  respect  to  the  subsiergad  tunnal  axis 
should  be  taken  up  as  the  subject  of  the  future  research  studies. 
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Fig.  3     Accelecacloa  In  the  ground 


Fig.  3S  Typical  Cross  Section 


T«bl«  -  1     BARIHQUMCB  UCOIDS 


Earthquake 
No. 

Location 
of  Origin 

Magnitude 

Depth 

Epicentral 
distance 

KL'WT  -  1 

1  9  ^    .  1  :  .  2  'j 

N     33°  51" 

165 

KOVT  -  2 

W73.ll. 25 

N    33°  53' 
E  135*  23' 

5.8 

60 

185 

KUWT  -  3 

15?'^.  2.10 

N    35*  2' 

E  136"  56' 

5.3 

40 

30 

KUWI  >  7 

1974. 

N    35*  15' 

4.9 

50 

50 
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Table -2    MEASURED  BENDING  MOMENTS 
ANrt  AXIAL  FORCES 


Earthquake 
Ho. 

Axial 
Scrain 

(10*) 

Axial 
Force 
(ton) 

Bend  ing 
Strain 

(10^) 

Bending 

MoBsnt 

(t-a) 

KUWT-2 

K-1  &  K-3 

1.64 

239 

0.33 

110 

lCUWT-2 
K>2  &  K-4 

6.34 

823 

2.09 

696 

KUWT-2 
K-5  6  K-7 

2.55 

331 

1.15 

383 

KUVfr-2 

^    w    11    n  O 

8.65 

1.123 

5.80 

1,931 

ltOWT-2 

^■■-1  "-7 

6.5 

844 

1.5 

703 

KWT-i 
S-1  &  S-2 

0.37 

324 

5.66 

2.655 

KUWT-3 
K-1  &  K-3 

3.75 
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Fig-4      Maximum  bending  roomenc  (KUWT-3  P-i) 
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Fig-5     Mxlnm  Mi«l  force  (KWr-3  P-2)  ti"0.1 
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Fig-10     Bending  6  axUl  strain 
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A  PROPOSAL  FOR  EARTHQUAKE  RESISTANT  DESIGN  METHODS 
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ABSTRACT 

This  paper  dascribes  tho  outline  of  a  Proposal  for  Sartliquake  Resistant  Design  Methods, 
idiieli  was  eonpleted  fay  the  Miaistzy  of  Constzuctton  in  Ittrch,  1977. 
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A  Pxopoflal  for  Baucthqnake  Resistant  DMign  Methods  oms  a  great  deal  to  the  results 
of  the  investigations  of  a  mjor  ninistrial  project  en  new  tadiaology  for  qrnthesiaed 

earthquake  resistant  design  in  the  Ministry  of  Construction,  vhioh  were  carried  out  fron 
1972  through  1976.  The  proposal  also  had  aheoxbeA  the  results  of  Investigations  by  uni- 
versities, public  and  private  laboratories.  The  purpose  of  the  proposal  Is  to  establish 
a  practical  and  rational  earthquake  resistant  design  mthod* 

2.    ODmNB  or  A  P1I0VO6AL  lOft  BMOHQDMCB  HBBZSnMT  OKSIfflf  MBISQOS 

Damages  of  the  structures  caused  bf  the  Hiigata  Earthquake  (1964),  Tbkachioki  Earth- 
q^ake  (1968) ,  and  San  Fernando  Earthquake  (1971)  stinulsted  to  improve  and  rationalize  the 
earthquake  resistant  design  methods.    For  this  purpose,  a  new  major  ministrial  project  was 
conducted  from  1972  through  1976  and  a  Proposal  for  EarthquaJce  liesistant  Design  Methods 

was  presented  by  the  Ministry  of  Construction  in  March,  1977. 

This  project  consisted  of  6  themes  and  20  sub-themes  as  shown  in  Appendix  T. 

The  proposal  has  been  divided  into  3  parts.     In  part  1,  a  fundamental  conception 
commonly  applied  to  bridges,  soil  structures,  underground  structures  cind  buildings  is  pro- 
posed.   In  part  II,  practical  calcualtions  excluding  buildings  are  advanced  based  on  Part 
I.    Part  III  deals  with  the  calculation  methods  for  buildings. 

The  oontents  of  the  proposal  sre  ihoim  in  Appendix  II.  the  proposal  is  compiled  scoord- 
ing  to  the  following  principles  i 

(1)  Standardisation  of  Fundamental  oonoaptSon 

Bach  earthguahe  resistant  design  asthod  has  its  osn  baekgronnd.    It  has  lavcoved  by 
itself  by  studying  the  dsnsges  of  structures  caused  fay  past  earthquakes*  anslysing  the 
earthqpiake  ground  aotibns  which  were  obtained  by  the  strong  notion  ebeervntion  network* 
and  investigating  the  diaraeteristics  of  structures  and  their  amttxB,  ooaseqnsntly*  the 
design  nethods  have  been  diversified  in  aooordanee  with  the  uses  and  typ**  of  eseib  stmeture'* 

In  the  project*  enietlng  earthqpiake  resistant  design  Mthoda  were  reviewed  and  a 
fundamental  ooneeptioa  for  designing  bridges*  soil  structures*  underground  structures  and 
buildings  was  proposed. 

(2)  Clarification  of  Design  Procedure 

Until  recently,  the  earthquake  resistant  design  has  been  apt  to  concentrate  on  the 
calculation  methods.    The  fundamental  design  procedure  has  not  satisfactorily  been  clcurified* 
Th^  proposal  clarifies  the  fundamental  design  procedure  considering  oharaoteri et i ca  of 

earthquake  ground  motion,  seismic  perfornvance,  and  safety. 

(3)  Systematization  of  Design  Procedure 

Eeurthquake  resistant  design  is  required  to  follow  a  proper  procedure  in  accordance  with 
the  characteristics  of  eubgrounds  and  structures. 

The  proposal  presents  a  fundaswntal  conception  for  the  eartiiquake  resistant  design  in 
order  to  indicste  correct  proceduree  to  follow. 
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3.     PART  I,  FUNDAMENTAL  CONCEPTION 

In  tbm  mmxttggaakm  EMlstant  dasigiif  follcwliif  itoas  should  be  cnnBldaEadi 
<1)    OiBxaotsziBtleB  of  Btnictaroa 
<2)    UaoB  of  stzueturos 
O)    TgSM  Of  BtruetiiEM 

(4)  Scales  of  structurea 

(5)  Clroonatances  of  structurea 

(6)  Damages  of  structures  and  stirrounding  grounds  caused  by  past  AaurthquakAa. 

Pig.  3.1  shows  a  fundamental  procedure  of  aseismic  design.     In  the  procedure,  the  process 
to  calculate  seismic  force  or  earthquake  response  is  classified  into  4  methods  as  belowt 

(1)  Seismic  coefficient  method 

(2)  Modified  seismic  coefficient  method 

(3)  Seismic  deformation  method 

(4)  Dynamic  analysis  method 

Vha  athod  to  ba  aalactad  aiiong  thaaa  ia  datandnad  by  oonaidaring  tha  charactaristics 
of  atcueturas. 

3.2  Standard  Saiaalo  Loadings  for  Jkaaisnio  Design 

Saiaale  aooing  Is  pvesanted  baraln  in  ordar  to  iadloata  tha  cdtaraotariatlca  of  aazth- 
qnake  ground  notion  at  aa^  site.    Tha  occurrence  of  past  earthquakes*  the  records  of 
atcongHaotion  aaethqiiakaa  and  the  eazthaoaka  activltlaa  in  xalativaly  wlda  area*  ware  taken 
into  account  in  the  aoning. 

To  detezadne  the  Intanaity  of  earthquake  ground  notion  at  a  certain  alter  title  aeianic 
aoning  aa  stated  aixnra  and  the  oharaeteristica  of  ground  ahould  be  taken  into  csonaideratlon* 

Seisnic  loadings  for  aseisntc  design  is  evaluated  by  the  ooaf  f  Iclanta  oonoaming  the 
aeianic  coning  and  the  oharaoteriatica  of  grounds  according  to  the  particular  nethod  of  earth- 
quake resistant  design. 

3.3  Ground  Examinations  and  Seismic  Performance  of  Grounds 

Investigating  the  documents  about  the  damages  of  grounds  caused  by  past  earthquakes  Is 
iaqportant  in  the  earthquake  resistant  design  of  structures.     If  it  is  necessary,  the 
characteristics  of  grounds  and  soils  at  the  construction  site  should  be  examined.  Seismic 
loadings  are  determined  considering  the  results  of  investigations  and  examinations  stated 
above. 

the  proposal  peeaanta  herein  aoil  and  ground  aaaninations  and  atabillty  of  grounds,  it 
also  v^tanatixea  the  nethodology  for  esonination  and  confiznation  regarding  tha  atabilit^r 
of  grounds* 

3.4  Saianio  Perfomanee  of  Struatural  Nnahara 

Ihe  pcQpoaal  haa  alaed  at  ayatanatlsiag  the  nethodology  to  evaluate  and  prooiote  the 
aeianic  perfomanee  of  atmctnral  nndMrs  in  xelnforcad  canerate*  steel  and  rainfosoed 
concrete  coaipoaita,  praatreaaed  ooncreter  ataal  and  other  atruoturea. 
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4.  PABf  II  BunnQtnuaB  MsismiiT  dbsiqm  or  civil  bmginberiims  stwjctukbs 

4.1  Gefieral 

Curxent  seianic  design  flpecifieatiom  for  oonstnictimt  excluding  buildings  have  been 
fomolated  on  the  basis  of  experiences  gained  through  earthquake  damage  In  the  past  aad 
investlgationa  on  seismic  design  criteria.    The  seinlc  design  criteria  introduced  in  this 

chapter  were  established  based  on  the  fundamental  conceptions  presented  in  the  previous 
chapter  (Part  I)  in  difference  to  the  current  seismic  design  specifications.     In  the  case 
of  designing  special  types  of  structure,  It  is  recommended  to  make  use  of  this  ascismic 
design  specification  selectively  according  to  the  structural  properties  considered. 

4.2  Coefficients  in  Aseismic  Design 

In  the  case  of  estimating  the  seismic  loadings  specified  in  Part  T,  the  coefficients 
in  aseismic  design  shall  not  be  lower  than  the  values  allowed  in  the  following  provisions. 

4.2.1  Design  Coefficients  in  the  Seismic  Coefficient  Method 

The  horisontal  design  seismic  coefficient  can  be  determined  by  the  following  formulas 

^  =  \  •  ^2  •  ^3  •  ^o 

(1)  The  standard  horisontal  design  seismic  coefficient  K  can  be  taken  as  0.2. 

o 

(2)  Ssisnle  zone  factor      is  Shoim  in  Table  4.1  by  referring  to  the  seismie  soning 
map  di^layed  in  Fig.  4.1. 

(3)  Ground  cxsndition  factor      ie  shoim  in  Teble  4.2. 

(4)  A  factor      dependent  on  othMC  conditions  can  be  determined  through  oonsldsratlons 
on  uses  and  ^pes  of  structures.   The  structural  typs  factor  is  shown  In  Table  4.3. 

4.2.2  Design  Ooefflelents  in  the  Modified  Seismie  Goeffieient  Method 

The  horisontal  design  seismie  coefficient  can  be  determined  by  the  following  formula* 

-       .        .        .        .        .  (4.2) 

(1)  The  standard  horizontal  design  seismic  coefficient  K^,  seisnic  zoning  factor  A^, 
and  ground  condition  factor  A^  can  be  the  same  values  eniployed  in  the  seismic 

coefficient  method. 

(2)  A  factor        dependent  on  the  response  characteristics  of  structures  is  presented 
for  rour  grou^js  or  ground  conditions  m  Fig.  4.2.     In  the  case  when  natural  period 
is  smaller  than  0.5  seconds,  a  factor  A^  can  be  taken  as  1.0. 

(3)  A  factor  A^  dependent  en  atruefeural  eharaeteristlea  can  be  teken  as  1.0  in  the 


when  the  allowable  stress  design  procedure  is  to  be  applied.    However*  In 
the  ease  when  thm  ultimate  strengttis  of  structure  are  to  be  checked  in  design, 
a  factor  A^  can  be  properly  determined  in  aoooxdance  with  the  ductilities  expected 
in  plastic  sons  of  structural 


(4)  A  factor  A^  dependent  on  other  conditions  can  be  properly  detemtlned  through  eonr 
sldsratlons  on  uses  and  types  of  stinictures  and  so  on.  Nhen  it  is  considered  not 
necessary  to  pay  spsclal  attentions  to  thsss  matters*  a  factor  A^  can  be  taken  as 
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4.3    Principal  Features  of  Aseismic  Design  Criteria 

4.3.1  Development  of  New  Seismic  Zoning  Map  and  Intensity  of  Design  Earthquake  Motions 
The  seismic  zoning  maps  and  intensities  of  design  earthquake  motions  applied  in  the 

current  selsodc  design  specifications  are  not  necessarily  uniform.    There  are  slight 
difiterenou  aKiig  these  aoaociding  to  the  typM  of  atrueture  eonaidorad.    It  ham  ham,  tlMM- 
forof  requestod  to  aatabliah  a  unlflad  aalaiile  aoning  map. 

In  tha  pcQpoBalr  «  unified  a«laale  amlag  Mip  «pplleable  for  all  Qrpaa  of  stxttctvM 
Is  pc«8«atad. 

4.3.2  Dsmlopiflat  of  Vaw  Aaelaadc  Design  Crltavla  for  Foundations 

It  lies  been  pointed  out  tliat  tlie  design  erlteri*  eoployed  In  tbe  current  selsnle  design 
of  fbundntlons  ere  not  necMsearlly  imlfocm  elnoe  tliay  have  been  foxMilated  aeperately. 

In  ths  pvopoeelf  a  wilfisd  criteria  for  aseleaie  dsslgn  of  spreed  foundationer  caisson 
foandatlona,  pUs  gzoiv  foundationer  steel-«alled-plpe  plla  foundations*  and  ■nltl-eolunn 
foundatlone  are  prasonted. 

4.3.3  DevelopMnt  of  Mew  Selaadc  Oeelgn  Criteria  for  Reinforced  Oenerete  and  Steel 

structures 

Evaluation  systems  of  ductilities  are  presented  for  reinforced  concrete  structures. 
The  results  of  investigation  concerning  the  buckling  effects  on  seismic  stability  are 
introduced  into  the  design  of  thin  walled  steel  structures. 
4.3-4  Development  of  New  Seismic  Design  Criteria  for  Soil  Structures 

The  basic  principles  for  aseismic  design  criteria  of  soil  structures  are  presented.  An 
empirical  seismic  design  criterion,  in  which  a  seismic  design  calculation  can  be  omitted 
as  long  as  the  structure  has  standard  shapsr  material,  size  and  construction  procedure^ 
la  also  presented. 

ffeduilonl  neans  to  Inpcove  soft  subsurface  eoll  layers  are  presented. 

4.3.5  oevelofMnt  of  Heu  Selaalc  Design  criteria  for  underground  Struetures 

The  selsnle  design  criteria  tot  iavortsnt  undszgxound  structures  such  es  water*  gaSf 
electricity  end  comranlcatlon  facilities*  which  are  of  tan  called  as  life  lines  systens* 
are  pressnted  ae  well  as  ths  selenlc  deeign  criteria  for  pstzolem  pipe  lines  end  enbnerged 
tnanele. 

4.3.6  Developnent  of  New  Criteria  for  Stestoration  Syetsms  of  Existing  Strocturee 
Evaluation  eystems  of  eelsnlc  perfCimanoe  and  reetoration  qrstew  of  existing 

structures  are  presented. 

4.3.7  Improvements  of  Design  Details 

Design  details  are  presented  so  that  detailed  devices,  which  help  improve  seismic 
perfomuutce  of  structures,  are  adequately  provided. 

5.  PART  III  Bomaxn  oonskrdction 

5.1  Introduction 

In  this  part,  an  aseismic  design  method  for  the  building  structures,  non-structural 
elements,  foundations,  and  retaining  walls  is  Introduced. 
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OaapaBeA  vitb.  ttm  oon'rantlonal  dsslgn  Mthod,  the  pzopoMd  msthod  is  based  on  tl»  aost 
racttut  rttMareh  tn  a^LaaoLogy,  ttarthqnakft  ttngiiMerin^  and  structural  engineering.    One  of  the 
inportant  dtaxacteristies  of  tiiia  aethod  is  tbat  the  aspKOPriate  design  procedure  can  be 
applied  according  to  the  structural  properties  and  the  ooeqpaney  of  the  building. 
5.2   C9iaraeteristics  of  the  Proposed  Design  Method 

5.2.1  Design  Fzoeedorea  and  St^s 

ihis  aseisaiia  design  SMthod  involves  six  design  procedures  and  eacdt  procedure  has  two 

One  or  more  of  the  six  procedures  would  be  selected*  according  to  the  structural 
pcoperties  end  the  occupancy  of  the  huildingf  naterlalSr  seisnic  resisting  systen*  height » 
use  or  occupeney,  etc. 

The  stop  1  of  these  design  procedures  should  satisfy  the  condition  that  the  response 
of  the  structural  members  as  well  as  the  non-structural  elements  due  to  frequent  earthquakes 
should  not  exceed  the  elastic  range  of  the  materials  and  the  damages  caused  should  be  snail 
enough  that  the  repair  would  be  scarcely  required  due  to  such  earthquakes. 

The  step  2  which  follows  step  1  should  satisfy  the  condition  that  the  building 
Structure  vould  not  cxillapse  due  to  the  maxiraum  possible  earthquakes  such  as  Great  Kanto 
Earthquake  in  1923. 

The  schematic  chart  of  these  design  procedures  and  steps  are  set  forth  in  Table  5.1. 

5.2.2  Seismic  Force 

The  total  leteral  eeisndc  force  is  basically  detemined  fcy  the  fbllowinig  foxinulet 


«ihere  C  is  the  seisnic  design  ooefficient  given  by  foxholes  (5.2a) «  (5.2b) «  (5.3a}  or 
(5.3b)  I  end  W  is  the  total  dead  load  of  the  building  and  applicable  portionB  of  other 
loads. 

The  seisnic  design  coefficient  for  step  1  shall  be  determined  in  accordance  with  tlie 
following  fiDKBulat 


where  Z  is  the  seismic  hazard  zoning  factor  prescribed  in  section  5.2.3,  Go(T)  is  the  soil 
profile  spectrum  for  approximation  as  given  In  section  5.2.-1,  T  i»  the  fundamsntal  natural 
period  of  the  building  in  seconds,  and  eCo  =  0.2  is  the  standard  base  shear  coefficient 
for  step  1. 

In  the  procedure  I-A  or  I-B  in  Table  5.1  the  height  of  the  building  concerned  is  low 
and  the  value  of  T  is  snail.    Accordingly,  Go(T}  is  considered  to  be  constant  and  1.0. 
Therefbre*  ftHrnola  (S.2a)  is  reduced  to  (5.2b} 


F  •  c 


(5.1) 


C,  -  Z  •  Oo(T).eOo 


(5.2a} 


C,  ■  Z>eCo 


(5.2b) 
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The  seismic  design  coefficient,  for  step  2  shall  be  determined  in  accordance  with  either 
of  the  following  formulae: 

-  Z'QoH)  'X^'IiGO  (5.3b) 

•  Z-G  m^Kj-pOe  (5.3b) 

wtwra  Go(T)  Lm  the  soil  profile  i^peatxvm  as  apws±Iia&  in  section  5.2.4,  pco  ■  1.0  is  the 
■tMidard  teae  •hear  ooeffleient  for  step  2,  wid      and      are  the  stroetnral  ooefflelente 
as  given  in  aeotion  5.2.5. 

5.2.3  Seiaalc  haxaxd  loning  factoE 

Seelfldc  hasard  aoning  factor  Z  was  detexained  hy  the  seisadci^  and  by  applying  the 
theory  of  eattrenae,  statistics  and  engineering  juOgnent.   The  values  of  Z  are  given  in 
Fig.  5.1  Seismic  Hazard  Zoning  Itqp. 

5.2.4  Soil  Profile  Spectrxim 

The  effects  of  the  soil  profile  properties  and  the  natural  period  of  the  building 
are  expressed  as  the  soil  profile  spectra  given  in  Fig.  5.2. 

One  of  these  spectra,  Go(T),  is  for  approximation  and  the  other  four  G^(T}  correspond 
to  four  soil  profile  types. 

The  soil  profile  types  are  defined  as  follows: 

Soil  profile  type  1  xs  a  profile  with  rocks,  stiff  and  well  consolidated  sands,  etc. 
Soil  profile  type  2  is  •  profile  with  sands,  stiff  clays,  stiff  loans,  etc. 
Soil  profile  type  3  is  a  profile  ubioh  would  not  belong  to  otiier  types. 
Soil  profile  type  4  is  a  profile  with  soft  clays,  loose  sands,  etc. 

5.2.5  Structural  coefficient 

It  is  a  well  loaown  fact  that  the  ductile  stxueture  could  absorb  aore  energy 
than  the  brittle  structure  and  it  ia  not  practical  to  design  the  building  to  be  ccapletely 
elastic  when  subjected  to  the  waxiiw  possible  eartiiguake  notion.    Accordingly  the  struc- 
tural coefficients  K^^  and      are  calculated  and  tfaey  would  be  denoted  as  the  re^onse 
Mdif ication  factors  idiich  dspsnd  on  ths  enugy  absorption  capacity  of  the  building  during 
the  eeurthquakes.    The  values  of  these  factors  are  given  in  Table  5.2,  according  to  the 
structural  materials  and  system,  and  ductility  level.         would  be  used  in  procedure  II-A 
and        in  procedure  II-B,  III-A  and  Ill-B,  as  shown  in  Table  5.1. 

5.2.6  Seismic  Hazard  Exposure  Factor 

According  to  the  use  or  the  character  of  the  occupancy  of  the  building,  the  appropriate 
design  procedure  could  be  elected  or  the  seismic  hazard  exposure  factor  could  be  adopted  for 
use  in  step  1  or  2.     The  value  of  the  factor  is  not  specified  in  this  method,  because  the 
reliable  theory  to  determine  the  value  is  not  developed  yet.    But  it  can  be  suggested  that 
the  probability  of  failure,  the  diaperslon  of  tlie  seisnic  resistant  capacl^  as  well  as  the 
diapersion  of  the  ssisMic  tores,  social  utilities  and  the  acceptable  level  of  hunan  risk 
diould  be  Btodied  to  detendne  the  value  of  the  aeisnio  hasard  eiQosure  factor. 


V-86 


Digrtized  by  Google 


5. 3    Concluding  Remarks 

The  proposed  aseisiaic  design  method  has  been  founded  on  the  principle  that  make 
possible  the  application  of  new  theory  and  research  as  well  as  the  uaa  of  n«ir  materials  and 
nmr  strootoral  sysatOM.    I£  ona  of  tha  six  design  procedures  muld  ba  aalacted  properly » 
tiw  building  designed  Biglit  ba  aafa  aaough  fbr  tlia  aarthqpiakaa  witlt  a  niaiana  daaign  affort 
and  a  lalnlinin  volma  of  atruotoiral  natariala. 

But»  tha  datalls  of  Idie  daaign  nathod  night  not  ba  oonplata  yett  tharafove*  tha  foUow- 
ing  Btttdiaa  nenld  ba  naoaaaairy  in  tha  naar  fiaturat 
i)     xa-axanlnatlon  of  vaxioua  paranatara 
ii)     oaaa  ati^  ftor  dif faxant  typaa  of  buildlnga 
iii)     aiaglificatioB  of  tha  natbod  for  praetioal  una 


In  Part  ZZ*  tha  aaiiwic  daslgn  ooafflclant  ia  danotad  as  tha  following  fozmlat 
Kg  -       .       •  A3  . 

Zhia  foznula  coxrasponds  to  tha  following  formula  in  Part  HI. 
Cj^  -  Z*Oo(T}*aCo 

or 

»  Z*eCo 

had  tha  Sollowlag  oorrespondanoaa  would  ba  givani 

Aj-« 

A,  -  A>(T) 

A3  -  saiMdc  haaazd  avoaura  faotoK 

K  "  aOo 

o 

Am  nodiflad  aaianie  daaign  coafflolant  In  Part  ZZ  ia  danotad  aa  tha  following  fteanlai 
K  -  A^  •  Aj  •  A^  •  Ag  .  A^  • 

In  Part  IXIt 

-  s*ao(T)*ie^-poo 

or 

C,  -  Z-G, (T)-K--pCo 
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here,  we  haves 


•      •  GoW  or  Gj^(T) 
-  or 

A,  "  tolwlc  haiaxd  tasemaxm  faotor 

6 


I  -  VhsMS  o£  RweKToli  Pxojeet  on  New  Criteria  for  BTtlwpialte  Resistant  Design 

of  Struetorss 
larcdi  on  Isrtliq^afce  Oround  Motloos 

1.  Cluuraetsrlstles  of  Barthgoaka  Oround  Motions  on  Baaaxook 

1)  Seismic  Records  obtained 

2)  Source  Mechanism  and  Propagation  of  Seismic  Waves 

3)  EarthqueJce  Ground  Motions  on  Various  Subsoils 
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Table  k.l     Seismic  Zoa^  Factor  ^| 


VflLLUC  QT  £^4 

A 
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B 

0.85 

C 

0.7 

Table  k*2     Ground  Gonaitlon  Tmetor 


Oroup 

Defiaitions'^ 

Value  of 

1 

(1)  Oround  of  the  fertlery  era 

or  older  (defined  as 
"bedrock  hereafter) 

(2)  Diluvial  layer  ^with 
depth  less  than  10  neters 
ahove  bedrock 

0.9 

2 

■ 

(1)  Diluvial  layer '^'with 

depth  greater  than  10 
meters  alsove  bedrock 

(2)  Alluvial  Layer  J/ with 
depth  less  than  10 
aetera  ahove  bedrock 

1.0 

3 

Alluvial  layer ^^vlth  depth  less 

2^  meVers,  which  has  soft 
layer    with  depth  less  than  5 
meters 

1.1 

k          Other  than  the  ahove 

1.2 

(lotea) 

1)  Since  these  definitions  are  not  vry  coinprehensive,  the 
classification  of  ground  conditions  shall  be  made  vith 
adequate  eoneideratlon  of  the  hrldge  site. 

Depth  of  layer  indicated  here  shell  he  neasured  fron  the 
actual  ground  surface. 

2)  Diluvial  layer  ijaplies  a  dense  alluvial  layer  such  as  ..a 
dense  sandjr  Isgrer*  gravel  lBQrer»  or  eohhle  leyer.  . 

3)  Alluvial  lagrer  implies  a  nev  sediiientaiT  lagrer  aade  hjr  «  landslide. 
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Table  U.  3     Structural  OJyp*  Factor 
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Fig.  5.1   Seismic  Hazard  Zoning  Map  of  Japaa 
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Fig.  S.2   Soil  ProfU*  Spectra 
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ON  THE  OBJECT  POSTUIATE  FOR  EARTHQUAKE-RESISTANT  CODE 

Klyoshi  NiJcano,  Assistant  Director 
Tujl  Itfbiyana,  Chlsf  taMmrdi  AigiiMcr 
To^tsugu  Aokif  taM«reh  BnglnMr 
KuMMM  mmtmnthm,  taaaaxeh  tagiuMr 
BalUlng  ResMxch  Iiwtitutef  Nlalstry  of  Oonstnietlon 

Mbat  tte  flbj«at  of  ttaa  oartiiqiiaka-rMlstaiit  oodo  aliould  bo  and  hait  to  doflno  tho 
objaot  aro  tho  oonoorno  of  tho  ohjoot  pootolato.    Slnoo  tho  aoiamie  fteooa  and  tho  oarth' 
quako-rooiotant  oapoeity  of  tho  bolldlngo  havo  oortaln  dlvoralonOf  it  lo  nocoaoaxy  to 
iatrodooo  tha  concept  of  tha  rollablli^  to  defino  tbm  objoct  pootulato.    Thlo  raport  doala 
wttb  roooacch  on  1)  dl9oralono»  2}  rolatlon  betwoan  tho  oaxthqaako-nslstant  capacity  and 
tho  ooootruetloii  ooatr  3)  aeooptabio  lovol  of  hunan  riafcr  and  4)  prlaeiplo  of  social 
utility  to  optioiaa  tho  iavojctanoo  factor,  in  order  to  dofine  tho  object  postulate  for 
tha  oarttiquako-rosiatant  code. 

KEYWORDS:    Acceptable  level  of  human  ris)ci  construction  costs;  earthquake  resistant  code; 

expected  seismic  force;  object  postulate;  reliability  theory;  social  utility. 
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1. 


Any  design  process  is  implicitly  or  explicitly  constxucted  on  a  design  system  which  is 
sometimes  called  a  design  code.     It  was  shown  by  Niels  C.  Lind  (1)  that  present  structural 
design  codes  could  well  be  understood  by  searching  for  basic  eight  principles  or  postulates. 
Xa  tils  earlier  paper,  Kiyoshi  Nakano  (2)  proposed  an  important  postulate  oonoerned  with  the 
probability  of  tlie  death  of  occqpants  caused  by  the  failure  of  structures. 

The  authors  laropose  sane  postulates  in  addition  to  the  above  poetnletast  and  claesi^ 
the  postulates*  and  exaiilm  their  relations  to  structoral  cedes,   rurtitenaarer  the  object 
postulate f  one  of  the  aoat  iaqpertant  postalates*  is  considered  extenslvaly. 

2.  OASSiPiakTioii  or  sfRDcnmM.  obsxgn  fosioimbs 

she  following  eight  postulates  nhi^  are  Included  In  aavecal  design  cades  were  afaoim 
ty  Niels  c.  Uad. 
1>     Load  postulate 

2)  Strength  postulate 

3)  Design  Method  (postulate) 

4)  Principle  of  constant  reliability 
51     Poatulate  of  data  euffleleney 

6)  ISO  fomt 

7)  oomell's  fomat 

81     Linearised  factor  fbraat 

The  authors  proposed  the  following  postulates  in  addition  to  the  above  postulates  (2i3>« 
9)     Earthquake  load  postulate  proposed  in  AIJ  draft  (4) 

<a)  M^<f, 
r 

H   -  125  ' 
r 

i 

<c)    r-1     ^         ,  i  -  nunber  of  atorles, 
r-1^ 

Where t 

•  ductility  factor  of  the  r-tii  atory, 

y.^  ■  pemiasable  daotility  factor  tdileh  la  f Ijiad  in  accordance  with  tiie  kind  of 
structures  (such  as  steel  structures*  reinforced  concrete  structures*  etc*)* 

•  laportanoe  factor  whldn  is  f iJMd  in  accordance  with  tJie  occupancy  of  structures 

and  with  the  structural  importance  of  structural  members, 
6^  "  inter-story  defoxaatioo  (inter  atory  drift)  of  the  r-th  story*  which  is  caused  by 
elAsto<-plastic  reqcnse* 
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•  atcny  Iwlght  of  tte  v-th  atoKy. 
10)    Vte  poatulate  fbr  optladslng  aoiwtaxy 


-  0,  <2-l> 


L   -  Z  +  pP,  (2-2) 

L  "  aaqpected  ▼alias  of  losses 

I  •  Initial  aavMMs, 

p  -  ^obiblllty  of  failure* 

P  -  IflSBos  cansad  by  the  failore  •  ai,  (2-3) 
n  -  (I  -  C2-4) 

■  oaatral  safety  f aotor  -  (Jt*/8*) « 
R*  "  aaveoted  value  of  resiatance, 

s*  -  e]q>ected  value  of  load  effect, 

Aq,       -  constants  correaponding  to  the  kind  of  atruetnrea. 

11)  Starr'a  poatulata  (2,5), 

-  P  (R*  <  S«)  <  r      •  e  •  A,  (2-5) 

where, 

p.  ■  probability  of  failure, 

atendard  death  rate  (deatii  rate  per  one  hsuTf  unit  is  10    ) , 
•  ■  probobillty  of  the  death  of  occqpanta  oattaed  by  the  failure  of  etruotnrear 
A  *  factor  t/hUA  is  fixed  in  aoooidaiioe  with  oecvanGlea  (1.0  for  houalnga  and  office 

buildings  which  are  indispenaable  for  life,  1000  for  leaanre  feeilities)  • 

12)  Mskano's  postulate  (2), 

<  r^^  •  •  (1  ♦  h  •  g)  'A,  (2-6) 

* 

b  "  coefficient  of  denaity  (number  of  occupants  per  unit  floor  area), 
9  "  coefficient  of  amcaation  (oonatant  fixed  in  accordance  with  easineas  of  evacuation 
in  cese  of 


The  maiM  nation  of  the  postulates  in  variooa  design  codes  sre  shoim  in  Table  2-1* 
t  we  have  attMvted  a  classification  of  ths  postulates  as  shoen  in  Mble  3-3. 
That  ia*  the  traditional  design  processes  are  governed  by  three  kinds  of  postulates:  load 
strength  postulatSr  comparison  postulate,  and  object  postulate.    The  object  postulate  is 
concerned  with  design  philosophy  on  social  needs  for  structural  safety*  therefore  we  shall 
consider  the  object  postulate  nore  extensively. 
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It  is  almost  impossible  to  measure  the  earthquake-resistant  capacity  of  each  building 
as  a  total  system.    Accordingly,  we  tried  to  evaluate  it  by  an  expert  survev  which  would 
make  use  of  the  intuition  of  the  experts  most  effectively.     About  two  hundred  experts  from 
four  different  fields  of  structural  engineering,-   1)  constructors,   2)  administrators, 
3)  designers  and  4)  researchers  or  educators,  participated  in  this  survey.    From  the  result 
of  this  survey,  the  eartnquaXe-resistaiit  capacity  and  its  dispersion  of  buildings  are  given 
In  Fig.  3^1.    In  Fig.  3-2,  the  weighted  factors  are  set  forth  depending  on  seven  najor 
faetors;  1)  designer,  3)  design  cost*  3)  desigii  t«n»  4)  oOMtroctort  $>  cooctcoptioo  co«t» 
6>  oonstruetioa  tarMf  and  7)  natwial. 

FroB  Pig.  3-1,  it  can  ba  aaan  tliat  the  oast  la  situ  ralnfoKoad  oonocata  wall  buildings, 
«ver  high  rise  steal  buUdings  and  high  rise  steel  buildings  are  considered  to  have  good 
•asthgiaafca-rasistanit  e^paoltiaa.   on  the  contrary,  the  raljifbroad  eonorate  bloeik  buildings, 
conventional  «eod«n  buildings  and  prefabricated  wooden  buildings  ssssi  to  have  rather 
Minll  resistant  otpaoi^  against  earthguakes. 

Jto  to  the  diapsrslons  of  eartiiqpiaka-resistant  ospaclty,  the  s^per  hl^  riss  buildings, 
prestressed  concrete  buildings  and  prefabricated  H-steel  reinforced  concrete  buildings  have 
snail  variance  and  the  value  of  c.o.v.  (coefficient  of  variance)  is  iibottt  0.25.   The  cast 
ia  situ  reinforced  concrete  buildingSf  conventional  wooden  buildings  and  lov  rise  steel 
buildings  have  large  variance  and  tiie  value  of  c.o.v.  is  about  0.45. 

Prom  Fig*  3*2  we  can  assume  that  among  seven  major  factors  concerning  earthquake- 
resistant  capacity,  the  level  of  the  designer  and  the  level  of  the  oonstnictor  are  the  aost 
influential  factors. 

From  the  result  of  this  survey,   it  was  also  found  that  the  administrators  and  the 
constructors  take  am  optimistic  view  of  earthquake  resistant  capacity  of  buildings,  and 
that  the  designers  and  the  researchers  or  educators  have  a  pessimistic  one. 

4.    UXATIOII  bKlimiUI '  BMffiBQIIMQB-IIBSISDkllT  GJkMCITY  MID  GOMSTRUCVION  006T 

It  is  evident  that  the  construction  cost  of  the  building  would  bo  influenced  by  the 
seismic  design  coefficient  which  is  one  of  the  main  factors  controlling  the  earthquake- 
resistant  capacity.     In  this  chapter,  the  relation  between  the  seismic  design  coefficient 
and  the  construction  cost  is  discussed.    To  analyze  the  problem,  the  following  assumptions 
are  adopted. 

1}      Elastic  design  with  seismic  design  coefficients  and  allowable  stresses  is  used* 

2)  The  range  of  seisnic  design  coefficient  is  fron  0.2  to  1.0. 

3)  TMO  cases  of  construction  cost  ratioi  i)  colunns  and  girders,  and  ii)  colunn,  girders, 
beans  and  sldbs,  are  considered.    Vhe  construction  cost  of  foundations,  other  non- 
structural I—lib  era  and  finishings  are  not  Included  in  both  cases. 

4}     Hie  costs  of  cDlunna  and  girders  are  d«!peiident  on  the  selsnic  design  coefficient, 

but  the  beam  and  slabs  are  independent  of  it. 
5)     Vhe  costs  of  colunns  and  girders  are  «pproadJwted  by  the  fomula  proposed  fcy  Nakagawa 

(6). 
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6)      Two  Structural  systems;  1)  steel  frame  buildings  and  ii)  reinforced  concrete  buildings, 
are  considered.    The  numbers  of  stories  are  five  and  ten. 


Undar  ttMM  umuvtions  the  cost  ratio  is  given  in  acoordanee  witti  folloving  fonalar 

Y  -  1     R  (C  -  0.2)  (4-1) 
«li8ret 

»  cost  ratio  (  ■  QQSt  by  seismic  design  coefficient  equals  C  > 
'  cost  by  seismic  design  coefficient  equals  0.2 

R  ■  cost  ooaff lelanta  aa  givaa  in  MbXa  4-1 
C  •  seisalc  design  coefficient  (0.2  <  C  <  1.0) 

Two  exBuples  of  Bq.  (4-1)  are  stiown  in  Fig.  4-1- (1)  fbr  steel  frane  buildings  and 
Fig.  4-1- (2)  for  reinforced  concrete  buildinga. 

5.    ACCSFEABLE  I£VEL  OF  HQHAN  RISK 

The  point  of  view  of  the  security  of  hosHn  lives  uy  be  considered  as  one  of  the  soot 
latportant  criteria  for  stnaetural  design. 

In  the  deualn  of  the  security  of  hpunaa  liveSf  we  find  sons  diacussions  that  propose 
several  criteriay  such  as  those  <tf  David  B.  Xllen,  of  R.  6.  OtM^f,  of  Starr,  of  K.  Itakano 
and  of  K.  watanabe*   But  «te  cannot  find  any  pvqposition  that  aobleves  the  practical  level. 

me  dared  to  ettsaipt  to  ovwrcone  such  a  difficult  state#  end  this  ritport  proposes  an 
aooiptable  level  of  human  risic,  observing  the  fluctuations  in  tiie  evolution  of  tiie  ordinary 
death  rate  and  aasuBlng  tbm  existenee  of  insensible  range  of  the  fluctuations  in  the  death 
rate . 

1)  The  sense  of  average  risk  level  is  supposed  to  be  based  on  the  average  death  rate 

d  for  a  period  of  several  years  which  preceed  the  point  of  time  for  this  sense.  This 
average  death  rate  may  be  considered  as  the  basic  death  rate  for  the  sense  of  risk. 

2)  Taking  the  standard  deviation  a.  in  the  evolution  of  death  rate  for  the  same  period 

as  that  of  the  average  death  rate,  the  rate  of  fluctuation  of  death  rate  Ad  is 

obtained  as  M  >  0./d  . 

a 


3)     The  ohservation  through  a  sufficiently  long  term  of  the  rates  of  fluctuation,  eadh  of 
which  is  oalcualted  on  the  same  period  of  tlae,  penoits  to  suppose  tint  the  rate  of 
fluctuation  is  nearly  constant.    So  that  if  tiw  mean  level  of  tha  ratea  of  fluctuations 
Zd  is  bbtained. 

Ad  ■      ■  Ootistant. 


4)     Ihua  the  Insenalble  range  of  fluotuatlcn  of  death  rate  a^^^^  is  svippceed  as  C^jj^ 
Sd  •  d. 
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As  for  thm  acoaptable  lavel  of  humn  rlalct  thim  r«port  proposes  ths  aoo^tabls  dsatfa 
rsts  frcB  sarthqiudesi  d 

sac 

11:  nay  be  considered  that  the  average  deatili  rata  d  Ineludas  a  part  of  tlia  death  rats 
from  sarthqaakss  in  osrtaln  proportion  e.    The  death  rate  fron  eartfaQoakss* 
Included  in  ths  avarage  dsath  rats  is  oibtaijisd  as  d^  -  s  *  d. 

The  aco^ptabla  dsath  rats  fron  sarthquaks*  d„_»  is  pressed  as  ths  sisb  of  ths  part  of 

BSC 

ths  dsath  rats  fron  sarthguakss  inoludsd  in  ths  avarags  death  rate  and  ths  inssnsibls 
range  o£  fluctuation  of  death  rate  a^|^^:    d^^^  "  *8  *  ^'dins"       *  ''dins' 

On  ths  aqpposition  that  the  niaiber  of  deaths  from  earthquake  is  proportional  to  the 

number  of  destroyed  buildings,  a  proposition  is  established  that  the  acceptable  rate 
of  destruction  from  earthquake,  P      ,  is  to  be  obtained  as  a  proportional  valas  to  thS 
acceptable  death  rate  from  earthquakes,  d^^i 

£ao      sac  Tf**^*', 

where. 


population  of  the  area  concerned 

probability  of  daatiis  in  oass  of  dsstmietioD  of  a  huilding  (ths  nuribsx  of 
dsatha/the  nuaber  of  destroysd  buildings) 
uaatme  of  buildings  in  ths  area  comcsmsd. 
f  rsquency  of  earthquakes  on  the  area  oonoemed. 

6.    PRmCIPIS  OF  SOCIAL  UTILITY  TO  OPTIMIZB  IMFOEnakllCB  FACTOR 

The  object  postulats  la  eonoamsd  with  social  utllitlss,  that  is»  ws  assuaa  that  ths 
valtts  of  structure  is  oonprised  of  ths  construction  cost  {negative  utility)  and  ths  social- 
hunan  utilitiss.   Ws  ars  going  to  sstablish  an  objsct  postulate  idiich  fonaulatss  ths  valus  of 
ivportanee  factor  eorrsipondlng  to  ths  narliwwi  total  utilities. 

The  following  ooncqpts  are  used  In  this  discussionr 

(1)  Load  maani  a  scalar  having  an  eipeoted  value  s  and  a  coef fioient  of  variance  0^. 

(2)  strsBflth  Bsans  a  potsntial  of  structurss  corrsaipoadlng  to  a  eartain  liadt  stats 
dsslgnatsd  In  dsstgn.    «hs  strength  is  alee  a  scalar  having  aa  aaqpeeted  value  n  and  a 
coefficient  of  variance  Q^. 

(3)  Magnifying  factor  of  strength  qsans  ths  ratio  defined  by  the  following  equation 


p  - 
Y  - 


e  -  R/Bp,  (6-1) 

whsrSf 

R  "  actual  Btrsngth  of  structure, 

tt^  >  strengdi  corresponding  to  a  certain  liait  stats  under  a  defined  standard  load 
offset  8^* 


Digiiized  by  Goodie 


PartiQttlarly,  wa  shall  diatlaguish  tiifl  vbIim  of  lagnifying  factor  Cor  ordinary  buildings 
fron  tliat  for  public  buildings,  the  rntio  of  nagni^rlns  factors  is  called  an  iivortance 
factor,  and  it  nay  ba  dafiaad  as  fbllowst 


«•  -  «/e«,  (6-2) 


%Akaref 


•  aagni^lng  faetor  for  ordinary  buildings. 

(4)  Probability  of  reaciiing  liaAt  state  is  defined  as  followst 

p  -  p  Wj^B^  <  8)  (€-3) 

Pj  -  P         <  8)  (6-4) 

Equation  (6-3)  is  applied  to  ordinary  buildings  and  equation  (6-4)  is  applied  to 
public  buildings  such  as  hospitals,  public  facilities,  p\iblic  halls,  and  so  on. 

(5)  Social  utilitiaa  are  presented  by  four  utilities,  U^,             and  as  shown  in 
Table  6-1. 

Table  6-1    Social  utilities 


STATE  OF  PUBLIC  BUILDINGS 

SIATE  OF  ORDIMMnr  BDILOIIIGS 


(1)  Undamaged      (2)  Damaged 

dB«  >  s         eR^<  s 


(1)  UndaMged  State  (e,ll«  >  8) 

(2)  Damaged  State  (d,R,  <  S)  Qz 

(6)     Ccgistruction  cost  means  the  present  value  of  initial  construction  cost.     We  define  Cq, 
construction  cost  in  the  payment  time,  and  T^,  time  lag  between  the  payment  time  and 
the  time  of  puttinq  the  building  in  use.    The  construction  cost  can  then  be  shown  by  the 
following  equation  with  the  interest  rate  r, 

C  •  Cq  (1  +  r)  "  (6-5) 

With  tbm  above  ooooeption,  ve  oaa  eawidne  the  sooiel  utilities  for  the  building,  in 
the  first  year,  the  eaqwcted  velue  of  aoolal  utility  is  as  foUowss 


0<1>  -  (i-p)  (i-pp       ♦  p  (1-Pj)  Dj  ♦  (l-p)  Pj  Oj  ♦  pPjU^  (6-6) 


P    -  prob  (SqRq  <  S> 
■  Prob  (SRq  <  S). 
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11m  psHMttt  mliM  of  toelal  utility  la  tte  Moond  ymax  Is 


Sladlarly,  the  present  value  in  the  nth  year  is 

jjM  -  (ilii)  ot"-^>  (6-8) 

Consequently,  the  sum  of  the  social  utility  in  life  qpan  of  the  building  T  is  obtained 
as  fbllowBi 

T      (i)         (1)  "T-l      ^  -  P2  i 
•     1»1  1-0     ^  *  ' 

The  total  utility  is  represented  Jjy  the  folloirinig  equation, 

O  -      -  C  (6-10) 


We  suet  iiaxlil  se  the  value  of  D  from  a  viceipolnt  of  social  safety  or  urban  aafaty. 
Therefore,  we  oMain  the  follcwing  poatulate  fay  differentiatiajr  Bq«  (6-10)  with  respect  0, 

^2      ae  ^"s 

The  agtimm  value  of  iaportanee  factor  can  be  obtained  fxom  the  above  eqpiation  vtien 
the  distribution  functions  of  randoa  values  8  and  R  are  fiven.  Actually,  if  tlie 
distribution  functions  of  load  effect  and  strensrth  are  nomwl  distributions  II  [8,  0^1, 
NCR,  0^1  respectively,  ti>e  optlaal  values  of  negni^ing  factor  and  importance  factor  ere 
enqpressed  appcoxiMately  by  the  following  eqiiatioiis  reqpectivelys 


e  -  ^  +  «/21n  (  — l-TT  ,  (6-12) 
e**        +  /-/21n  .  (6-13) 


«  -  Oui-§-  (6-14) 
R 

k-Cje-^S^^  (6-15) 
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(1     r)^  -  1 


1  -  tlj/O, 

7^ 


(1  +  r)"""*-  1     (1  +  r) 


(6-16) 


ra  +  r) 


The  auxiliary  pauraneter  5  and  k  atre  called  synthetic  coefficient  of  variance  and  cost 
performance  sensibility,  respectively,  and  the  parameter       means  the  turnover  year  of 
the  buildings.     The  relation  among  the  optimal  values  of  magnifying  factor  ®#  synthetic 
c.o.v.  5  and  the  cost  performance  sensibility  k  is  shown  in  Fig.  6-1. 

7.    OONCCODIHC  RBIIARRS 

From  Chapters  3  to  6,  we  have  suggested  several  approaches  to  settle  the  object 
postulate  for  the  earthquake-resistant  code.    The  details  of  each  chapter  should  be 
investigated  more  extensively  and  intensively.     Though  inore  suitable  ways  to  determine  the 
object  postulate  might  be  discovered  in  the  future,  the  following  items  are  the  raost 
influential  factors  to  settle  the  object  postulate  from  the  surveys  m  have  conducted. 

1)  earthquake-resistant  capacity  of  buildings 

2)  eaqfactaA  Mimic  fOKM 

3)  MrthqualM-raslstABt  tiapaaity  and  oomtroetlon  oost 

4)  aee^>tablft  fauaaa  risk 

5)  aoelal  utlll^ 
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Table  2-1    Postulates  Included  in  strucutrai  design  codes 


Ibat  of  Cod* 

1 

2 

• 

3 

A 

Postulate 
5     «  7e 

7b 

8     9  11 

ISO  draft 

* 

* 

* 

* 

*  * 

AIJ  RC  code 

* 

* 

* 

AIJ  earth- 

* 

* 

* 

quake  load 

draft 

NORDIC  CODE 

(A-Typ«) 

*  e 

Ik 

MIDIC  OODI 

Propoaal  of 

Llnd 

e 

Proposal  of 
Cornell 

* 

* 

* 

*  * 

•* 

Proposal  of 

Ravindra 

• 

* 

• 

* 

* 

* 

FIP-CEB  Code 

* 

* 

* 

* 

Table  2>2  Cleeeif  leatlon  of  poatuletes 


The  first  Group: 

LOAD-STRENGIH 
POSTULATE 

Main  Postulates: 
1.  2 

Sub  Postulates: 
6,  B,  7b 

The  main  postulates  are  basic 
postulatee  for  design  syscen. 

The  sub  postulates  are  the 
modification  of  the  main  postu- 
late for  the  purpose  of  facili- 
tating probabilistic  treataent 
of  design  variables. 

The  Second  Group: 

COMPARISON 
POSTULATE 

Hain  Postulate*: 
3,  4 

Background 

Posculateet 
5.  7« 

Sub  Postulates: 
9,  10,  11, 

U 

The  main  postulate  3  Is  i;epre- 
sentlng  the  classical  design 

procedure.     The  main  postulate 
4  is  representing  probabilis- 
tic concepts.    The  beckground 
postulates  supplies  logical 
support  for  the  postulate  4. 
The  sub  postulates  are  used 
together  vith  the  postulate  3 
to  introduce  considerations  of 
deformation. 

The  Third  Gtowpt 

OBJECT 
rOSTOUTE 

Main  Postulates: 
3,  9,  10. 
11,  12 

The  postulate  3  is  an  object 

postulate  as  well  as  the 
comparison  postulate.  The 
postulates  10,  11,  and  12 
are  used  together  with  the 
postulate  4. 
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Table  Cost  Coefficients  of  Steel  Frame  Buildings 
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Table  4-l-(2)    Cost  Coefficients  of  Reinforced  Concr«te  Buildlogs 
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The  EarOiquake  Response  of  HysteretLc  Struct«uree 

W.  D.  IWAN  end  N.  C.  GATES 
Celifortde  Institute  of  Tedmology,  Pesedena,  Cellfornie 

ABSTRACT 

The  earthquake  response  of  a  broad  class  of  hysteretic  structures 
is  investigated.   Inelastic  response  spectra  are  determined.    Based  on 
Aese  spectra,  an  effective  linear  period  and  damping  are  defined  for 

each  type  of  hysteretic  structure  as  a  function  of  ductility.    A  simple 
en^iiriGal  formula  is  presented  which  may  be  used  to  estimate  the 
response  of  a  g«ieral  hysteretic  structure  given  the  linear  response 
spectrum  of  the  excitation.     The  predictions  obtained  from  tius 
formula  are  conqiared  with  those  of  another  frequently  used  scheme 
for  estimating  the  response  of  hysteretic  structures. 

INTRODUCTION 

Most  modern  building  structures  are  designed  to  respond  in  a  ductile  manner 
during  a  major  earthquake.    In  a  steel  structure,  ductility  is  associated  with  the 
local  yielding  of  steel  structural  elements.   For  cyclic  loading,  the  resulting  load- 
deformation  beihavior  is  hysteretic  and  tiie  hysteresis  loops  are  quite  stable  with 
successive  loading.    In  reinforced  concrete  structures,  ductility  arises  both  from 
the  yielding  of  the  steel  reinforcing  and  the  cracking  and  crushing  of  the  concrete. 
The  resulting  load-deformation  behavior  is  again  hysteretic.    However*  in  this  case, 
the  hysteresis  loops  tend  to  degrade  in  both  energy  dissipation  and  stUfiiess  with 
successive  loading.    It  is  important  for  the  safe  design  of  structures  that  tiie 
response  of  both  degrading  and  nondegrading  hysteretic  structures  be  well  understood. 

There  have  been  nttroerous  studies  of  the  earthquake  response  of  simple  non- 
degrading  hysteretic  structures.    Based  on  studies  of  the  m»*t  elementary  systems, 
it  has  been  suggested  tiiat  for  moderate  to  long  structural  periods,  Ae  peak  amplitude 
of  response  of  the  hysteretic  system  is  very  nearly  the  same  as  that  of  a  linear 
system  with  the  same  nominal  period  and  viscous  danqdng  independent  of  tibe  ductility 
ratio  of  tiie  response  [1].    There  have  bem  relatively  few  studies  of  the  eartiiquake 
response  of  degrading  structures  and  no  general  design  guidelines  have  yet  been 
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proposed.    However,  the  eqiud  displacement  rule  is  often  employed  for  this  type  of 
Structure  as  w«U 

T1i«  purpose  of  the  present  investigation  is  to  examine  the  earthquake  response 

of  a  general  class  of  single-degree- of- freedom  hysteretic  structures  and  to  evaluate 
the  merit  of  certain  simplified  methods  for  estimating  the  response  of  such  structures. 

INELASTIC  RESPONSE  SPECTRA 
It  is  assumed  Hiat  tJie  eqaation  of  motion  of  the  structure  or  a  particular  mode 
of  the  structure  can  be  written  in  Um  form 

z  ♦  ZC^w^i  +  «^fU(t>]  Ao  =  »W  (1) 

where  z  is  Ihe  generalised  relative  displacement,  Cq  ^*        fraction  of  viscous 

damping,        is  the  natural  frequency,  fCx(t)]  is  the  generalized  restoring  force,  kp 
•  is  the  nominal  stif&iess,  and  a(t)  ia  the  excitation  acceleration.    In  what  follows,  it 
is  assumed  that  Cq-  Hie  nominal  peiiod  of  the  system  is  l^s  2it/w^. 

Ihe  generalised  restoring  force  f(x)  is  assumed  to  he  hysteretic.   In  tiiis 
investigation,  the  particular  form  of  f(x)  is  derived  from  a  combination  of  linear 
elastic  and  coulomb  slip  elements  as  indicated  in  reference  1h«  restoring 

force  model  incorporates  Ifae  major  features  associated  with  linear,  simple  hysteretic 
and  degrading  hysteretic  behavior.    Six  specific  systuns  are  considered  and  die 
restoring  force  diagrams  for  these  systems  are  shown  schematically  for  cyclic 
loafling  with  moDOtoaically  increasing  amplitude  in  Figure  1. 

The  symbol  DLH  denotes  the  bilinoar  hysteretic  restoring  force  model*  The 
other  systems  are  designated  by  a  ttiree  number  code.    The  first  set  of  two  digits 
specifies  the   ratio  of  the  strength  of  the  simple  hysteretic  component  of  the  model 
to  that  of  the  degrading  component  with  1.0  denoted  by  10.    The  second  set  of  two 
digits  specifies  the  ratio  of  the  generaliaed  yield  displacement  of  the  simple  hysteretic 
component  to  that  of  the  degrading  component  with  1.0  denoted  by  10.    The  third  set 
of  two  digits  specifies  the  ratio  of  the  failure  loadb  .leiBOclated  with  tensile  and  com- 
pressive failure  for  the  basic  degrading  component  of  the  model  with  0.1  denoted  by 
10.   In  reinforced  concrete,  tiie  ■*»wp»*  yielding  con^onent  of  the  model  would  be 
represwaftative  of  ttie  behavior  of  the  reinforcing  steel  and  the  degrading  component 
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would  be  representative  of  tiie  behavior  of  l&e  concrete.    In  iSa»  ease,  ^e  lliird  set  of 
digits  would  be  roughly  proportional  to  the  ratio  of  the  cracking  to  crushing  strength 
of  the  concrete.   The  limiting  fuUy  yielded  ettHheee  for  each  case  is  taken  to  be  B% 
d       nominal  stiffiieBs  k^* 

The  ductility  ratio  of  the  response  is  defined  as 

^  *  *majj/xy  (2) 

where  x^,^  is  the  maximum  amplitude  of  response  and  Xy  is  the  generalized  yield 
diqilacemenfc  of  tiie  simple  yielding  component  of  tite  system. 

In  the  present  investigation,  tiie  structural  model  described  by  equation  (1)  is 
excited  by  an  ensemble  of  twelve  earthquake  acceleration  time  histories  a(t)  which 
are  chosen  to  be  representative  of  a  variety  o£  different  types  of  eartiiquake  excita- 
tion.  An  effective  peak  acceleration  level  A*  is  determined  for  eadk  earthquake  by 
finding  the  scale  factor  necessary  to  minimise  tiie  mean  square  difference  between 
the  2%  damped  response  spectrum  of  the  earthquake  in  question  and  the  NRC  1.60 
design  response  spectrum  [4]  in  the  period  range  of  0.2  to  4.0  seconds.    The  latter 
spectrum  is  adjusted  to  a  mean  value  spectrum  by  subtracting  one  ir  from  Hie  pub- 
lished spectrum.    The  twelve  itarAipiekes        tlieir  effective  peak  accelexatiana  are 
given  in  Table  1. 

The  response  of  each  structural  model  to  each  earHiquake  of  the  ensemble  is 
calculated  numerically.   The  yield  level  of  tiie  structural  model  xy  is  varied  untU  a 

desired  ductility  ratio     is  obtained  and  the  resulting  maximum  generalised  displace- 
ment x^aax  ^*  '^corded.   In  the  present  investigation*  this  is  done  for  nine  different 
nominal  etructural  periods  ranging  from  0.4  to  4.0  seconds  and  ductility  ratios  of 
2,  4  and  8.    thm  resulting  values  of  used  to  construct  in^stic  respmse 

spectra  for  each  hyeteretic  system,    in  order  to  nrumnnizc  the  effects  of  the  local 
variations  in  the  spectral  content  of  each  earthquake,  &e  inelastic  response  spectra 
are  normalised  by  A*  and  averaged  over  the  twelve  eartSiquskee.    This  defines  a 
family  of  normalised  averaged  inelastic  response  spectra  for  each  stvucturel  med^. 
A  typical  iarruly  ot  inelastic  pseudo- velocity  response  spectra  is  shown  in  Figure  2 
for  the  hi|^y  degrading  system  02-10-00.   Also  shown  for  comparison  are  tfie 
averaged  linear  response  spectra  A>r  2*  5  and  10^  viscous  damping. 
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OPTIMAIi  EFFECTIVE  LINEAR  PARAMETERS 
An  examination  of  Figure  2  reveals  that  the  overall  shape  of  the  averaged 
inelastic  spectrum  for  a  given  value  of  v  closely  resembles  that  o£  some  linear 
■pwetrum  axcapt  fbr  *  traaslatioin  along  a  Una  of  conrtaaifc  aiMctral  ditplacoinmik 
(a  Hue  'wifli  slope  of  miiiKia  one  on  Hho  log-log  PSV  diagram).    For  exampla,  a  linear 
spectrum  for  Q  ~  5%  may  be  translated  to  fit  very  closely  the  inelastic  spectrum  for 

|fc  s  2,    This  fact  may  be  used  to  define  a  linear  ayatem  which  givea  very  nearly  the 
aame  ^peetxal  reapenae  aa  a  given  hyateretic  ayakem. 

Let  SD^(EQ(j),  SYSfk),  t*,  T^,  Co)  ^        apectral  dtaplacement  of  the  hyatere- 

tic  system  SYS(k)  with  noirunal  period  and  damping        and       at  ductility  ifi  to  the 
eartfaqoake,  £QU)«  SD^(£Q(i)«     4)  be  tbe  spectral  diaplacement  of  a  linear  aya- 

tem  with  period  T  and  viaeoua  damping  C  to  the       eartftqaake  EQ(j).    Then,  consider 
a  shifted  linear  spectmm  defined  by  SD^(EQ(j).  T.(Tg/To),  Co+Cg)*    I"  way, 
represents  a  period  shift  ratio  and       an  added  damping  with  respect  to  the  linear 
^ctrom.   Lot  6|||^  be  tiie  di^rence  between  the  nraUaear  iaelaatic  apectral  dla- 
plaeemMit  and  Ihe  abifted  linear  apectral  diaplacement  defined  by 

Th«i>  a  measttre  of  the  overall  dUference  or  error  between  the  averaged  nonlinear 

and  averaged  shifted  linear  spectrum  will  be 


<4) 


jQt)  will  be  referred  to  aa  the  root  mean  square  (rma)  averaged  apectral  erro>r. 

An  optimal  period  ahift  and  added  '*^"'p"C  can  be  defined  for  each  hyateretic 

•yatem  by  minimising  7(k)  wlfii  reapect  to  T /T  and  C.'    Let  Ae  optimal  parameter  a 

be  noted  by  T     /T    and  C       and  let  C_(k)  be  the  minimum  value  of  c(k).  Then 
•w»     *  "m 


c(k)  =  €«,(k),  a  miaimom.when  T/T   .  T     /X„andC_  =  C_      .  <5) 


Thia  defisea  aa  optimal  efCedive  linear  ayatem  for  any  particvlar  nciilinear  ayatem. 
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The  optimal  period  shift  and  added  damping  for  €bie  mx  kyateretie  aystems  con- 
sidered herein  is  presented  in  Table  IX  along  with  the  nunimum  rms  averaged  spectral 
arrov  Tm  at  a  fonctioii  of  dnctiUty  vatio.   tt  ie  obaanrad  that  th«  avasagad  apactral 
error  ia  ia  no  caae  greater  than  6%.    Hence,  it  is  concluded  that  Hie  optimal  effective 
linear  parameters  are  capable  ol  providing  an  excellent  description  of  the  averaged 
inelastic  reaponae  spectrum  for  hysteretic  structureB  of  the  type  considered.   Aa  a 
genaral  trend*  it  wiU  be  noted  tiiat  both  tiie  optimal  period  shift  and  '^^^^p"!  ^ 
increase  with  increasing  ductility  \i  for  all  systems.   It         also  be  noted  Hiat  the 
more  degrading  systems  tend  to  have  greater  period  shift  particularly  at  the  largest 
dnetilities.    The  effective  added  damping  is  in  the  range  of  6  to  IZ%  for  all  cases. 

A  SIMPLE  EMPIRICAL  MODEIi 
If  graphed  as  a  fimction  of  |i  wilhout  regard  to  system,  tiie  results  presMted 
in  Table  II  suggest  a  simple  empirical  formula  for  approodmatlng  T     /T  and 

This  may  be  expressed  in  the  form 

V^o  •  1  +TC<''-^> 

(6) 

CJL%)  «  6(i».l)* , 

Ihls  fbmnla  may  be  used  to  predict  tiie  response  of  a  nonlinear  hysteretic .  structara 
given  the  linear  response  spectrum  of  the  excitation.    This  is  aecompUdied  by  dilfliag 

the  period  from  ite  nominal  value  by  an  amount  T^/l^  and  introducing  an  additional 
viscous  damping  The  accuracy  of  this  formula  will  now  be  examined  and  com* 
pared  with  anofhar  sim^e  predtction  method, 

EVAIiUATION  OF  RESPONSE  PREDICHONS 
The  merit  of  any  scheme  for  predicting  the  earthquake  rei^anse  of  a  hysteretic 

structure  may  be  measured  by  the  magnitude  oi  the  error'  between  the  actual  and 
predicted  response  over  the  period  range  of  interest.    The  ability  of  a  given  scheme 
to  predict  gross  reqtonse  features  can  best  be  seen  with  reference  to  a  smooth  or 
averaged  response  spectrum  as  shown  in  Figure  2.   In  this  case,  flie  root  mean 

square  averaged  spectral  error  c(k)  defined  by  equation  (4)  is  an  appropriate  error 
measure.    The  ability  of  a  scheme  to  predict  the  Sinot  details  of  the  response  can 
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b««t  be  seen  Mrlih  reference  to  a  perticiilar  eertfaquake  vitb  all  of  its  spectral  varia* 
tiouB.  For  this  purpose,  an  unaveraged  root  mean  square  spectral  error  c(k)  will  be 
an  appropriate  error  meaeure  ndiere 


In  tliis  inveetigatioii,  liie  responae  predictions  of  tiie  enqri.rical  formula  iwill  be 
compared  with  those  of  the  optimal  parameters  and  those  o£  the  Newmark-Hail 
method  [Ij.    The  Newmark-Hall  method  was  originally  formulated  as  a  technique  for 
generatiiag  an  ia^stic  response  spectrum  from  a  smootti  linear  design  spectrum.  In 
this  metfiod,  the  linear  spectrum  is  modified  according  to  different  rules  depending 
on  period  range.    For  periods  greater  than  or  equal  to  some  value  t',  the  method 
fbUows  tiie  eqiual  displacement  rule  and  the  inelastic  displacMnent  or  pseudo-velocity 
spectrum  is  identical  to  tiie  linear  spectrum.    For  periods  in  an  Interval  slightly 
less  tlian  some  value  T',  tiie  inelastic  spectral  displacement  is  obtained  from  the 
linear  spectral  displacement  by  multiplying  by  a  factor  of      J Z^-  \  where  jT  is  an 
effective  ductility  ratio.   Between  T'  and       tiie  spectral  behavior  changes 
eoatlnaoosiy. 

In  order  to  obtain  a  direct  comparison  wi^  the  empirical  formula,  the  Newmark- 
Hall  method  is  herein  applied  directly  to  the  averaged  linear  Z%  damped  spectrum  or 
to  the  corresponding  spectrum  of  an  individual  eartikquake  as  required  rather  tiian  to 
a  smooihed  or  bounding  spectrum.   Use  of  a  bounding  spectrum  has  been  found  to 
give  response  results  which  are  considerably  over  conservative.    The  values  of  t' 
and  T"  are  taken  to  be  0.5  and  0.4  seconds  respectively  and  the  effective  ductility 
ratio  jT  is  taken  to  be  eqioal  to  i»«    *OcA,b  latter  assumpti<m  has  very  tittle  effect  since 
the  method  gives  results  which  are  independent  of  |»  over  most  of  the  period  range 
considered. 

Table  III  gives  the  rms  spectral  error  ((k)  and  the  rms  averaged  spectral 
error  fQc)  resulting  from  response  predictions  based  on  the  optimal  parameters 
presented  in  Table  II,  the  effective  parameters  from  empirical  formula  (6)  and  the 

Newmark-Hail  method.    It  is  seen  that  all  of  the  methods  considered  give  better 
response  predictions  for  an  averaged  or  smootiied  response  spectrum  than  for  tiiie 
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spectmm  of  a  particular  ear&quske.    This  is  evident  from  tbe  nnxcli  lower  values  for 
the  averaged  spectral  error  c  as  compared  to  the  uaaveraged  spectral  error  c.    For  the 
optimal  parameters,  Hie  ratio  of  c  to  7  la  approdmately  four  and  for      two  pro- 
cHctiag  achemes,  flie  ratio  is  approodmately  two.    lliis  particular  featore  of  (he  data 
is  net  at  all  surprising  in  light  o£  the  variations  in  frequency  content  associated  with 
any  particular  eax&quake  of  an  enaeniblB. 

An  important  observation  from  TaUe  m  la  that  Ibr  given  dacttUty,  the  spectral 
errors  resulting  from  either  the  «npirical  formula  or  the  Newmark<-Hall  meAod  are 
comparable  for  all  of  the  systems  considered.    Hence,  it  may  be  concluded  that  very 
marked  differences  in  hyateretiG  behavim  of  the  type  considered  herein  have  only  a 
secondary  effect  on  the  accuracy  of  a  given  response  prediction  technique,    Ihie  doas 
not  imply  uiai  tiiere  are  no  systematic  dificrcnccs  m  the  response  of  one  system 
versus  another,  but  it  does  imply  that  these  dilferences  are  of  the  order  of  tihe  error 
inherent  in  the  two  simple  prediction  sdiemes. 

For  all  duetilitleB  considered,  Table  III  indicates  tiiat  the  spectral  error  c 
resulting  from  the  empirical  formula  is  comparable  to  that  resulting  from  use  of  the 
optimal  parameters.    This  error  is  typically  of  the  order  of  Z0%  which  would  be 
•atisfiactory  for  most  design  purposes.    The  error  resoltinf  from  the  Newmark-HaU 
metiiod  is  generally  more  than  twice  that  of  the  empirical  formula.    Even  for  ttke 
simple  bilinear  hysteretic  system,  the  spectral  errors  resulting  from  the  Newmark- 
HaU  method  are  of  the  order  o£  50%*    Overell,  for  all  systems  end  dnotilities,  Ae 
unaveraged  spectral  error  c  Is  18.35(  for  the  optimal  parameters,  ZO.9%  lor  the 

empirical  formula  and  54.5%  for  the  Newmark-HaU  method. 

Additional  insight  into  tiie  soerit  of  the  two  sinaple  prediction  schsmoe  considered 
in  TaMe  lU  may  be  gained  from  an  eaEaznination  of  tiie  distribution  of  the  indivldaal 
spectral  errors  6.^^^.    For  this  purpose,  all  of  the  different  systems,  earthquakes, 
periods  and  ductilities  are  taken  together.    The  results  are  shown  in  Figure  3, 
Figures  3(a),  (b)  and  (c)  give  the  results  of  the  empirical  formula  and  Figorea  3(d), 
(e)  and  (f)  the  results  of  tiie  Newmark-HaU  metfiod.  It  wiU  be  seen  tiiat  the  moan 
spectral  error  associated  with  the  empirical  formula  is  substantially  smaller  than 
that  associated  with  the  Newmark-HaU  method  for  all  values  of  ductility.    The  mean 
error  for  the  empirical  formula  is  always  less  than  Z%  wliila  that  for  the 

Vl-7 

Digitized  by  Google 


Newmark-HaU  method  ranges  from  17%  to  iZ%,    In  addition,  the  standard  deviation  of 
the  eyror  for  the  enqpixical  foannl*  i«  xoogUy  oae-half  fliat  for  the  Newnuti^^Hfttl 
method.   It  Is  true  that  the  Newmerk-Bell  method  le  more  conservative  than  the 
empirical  formula.    However,  this  conservatism  is  often  excessive  and  is  offset  by 
the  fact  that  the  results  of  the  Newmark-Hall  method  show  considerably  greater 
scatter  than  Aose  of  the  empirical  formola. 

As  an  illustration  of  tiie  ability  of  the  simple  empirical  formula  to  predict  the 
response  of  a  given  hysteretic  structure  to  a  particvtlar  earthquake,  the  predicted 
inelastic  response  spectra  for  two  different  systems  are  shown  in  Figures  4(a)  and 
(h)  along  with  actual  response  data.   Also  shown  are  the  predicted  spectra  given  by 
application  of  Ae  Newmark*Hall  me&od.    In  ea^  case,  the  sxcitation  is  the  scaled 
accelerogram  for  S244  Orion  Blvd.,  1st  floor,  San  Fernando,  1971,  NOOW  (HOL), 
Uiis  accelerogram  was  chosen  becainse  of  the  presence  of  several  pronounced  peaks 
and  valleys  in  its  response  spectrum.   This  helps  to  demonstrate  the  effects  of  local 
variations  in  spectral  content. 

It  will  be  seen  from  Figure  4  that  the  predictions  of  the  empirical  formula  are 
generally  in  good  agreement  with  the  data  over  the  range  of  periods  considered  in^iile 
die  Newmark«iiall  na^od  tends  to  be  somen^at  overly  conservative.    Tills  is  consis- 
tent with  the  results  of  Figure  3.    Even  more  significant,  however,  is  the  foct  that 
the  empirical  formula  appears  to  be  capable  of  accounting  to  some  extent  for  local 
variations  in  spectral  content.    For  atample,  at  a  nominal  period  of  1  second,  tiiere 
is  a  marked  valley  in  the  linear  and  Newmark-Hall  inelastic  spectrum  hot  tills  is  not 
reflected  in  the  behavior  of  the  numerical  integration  results  which,  for  tiie  system 
BLiH,  actually  exhibit  a  maximum.    The  inelastic  spectrum  predicted  by  the  empirical 
formula  possesses  a  local  mavimnm  at  this  period.    On  the  other  hand*  from  a 
nominal  period  of  3  to  4  seconds  there  is  a  sharp  increase  in  tiie  value  of  spectral 

displacement  as  predicted  by  the  linear  or  Newmark-Hall  inelastic   spectrum  while 
the  numerical  results  show  a  local  decrease.    The  empirical  formula  also  predicts 
a  decrease  in  spectral  displacement.    Tlie  superiority  of  tiie  empirical  fonanla  in 
predicting  detailed  spectral  behavior  may  be  attributed  in  part  to  tiie  £sct  that  tiiis 

metiiod  lakes  into  account  a  shift  in  the  effective  period  of  oscillation  of  the  structure 
while  the  Newmark-Hall  method  does  not, 
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CONCLUSIONS 

B»««d  on  ttie  vemlts  of  the  pveaeat  iav«gtlg»tloB  of  a  clats  of  •laglO'-dogreo-of- 

freedom  hygteretic  systems,  the  following  conclusions  are  made. 

(1)  Over  th«  mldpexlod  nui(0  of  0.4  to  4.0  aeconds  and  for  ductility  ratios  in  the 
range  of  2  to  8,  it  is  possible  to  approaiiniate  the  response  of  both  single  and 
degrading  hysteretic  structures  from  a  linear  response  spectrum  by  using  an 
effective  period  shift  and  added  damping.    The  use  of  optimal  parameters  leads 
to  root  mean  square  averaged  spectral  errors  of  less  than  S%  and  unaveraged 
root  mesa  s^iare  spectral  errors  of  less  than  20%. 

(2)  A  simple  empirical  formula  for  the  effective  period  shift  and  added  damping  is 
capable  of  providing  respmise  predictions  which  are  quite  acceptable  from  a 
dasigB  point  of  view.   The  overall  root  mean  square  averaged  spectral  error 
for  all  systems  and  ductilities  considercNl  is  of  Ifae  order  of  11%  and  flie 
unaveraged  root  mean  square  spectral  error  is  of  the  order  of  2.1%, 

(3)  Xbe  differences  in  hysteretic  behavior  considered  herein  have  only  a  secimdary 
ettsct  on  the  accuracy  of  13m  results  of  the  empirical  formnla. 

(4)  The  response  predicttons  resulting  from  the  empirical'  formula  represent  a 
significant  izxiprovement  over  the  results  obtained  using  currently  accepted 
criteria  for  estimating  the  response  of  ductile  structures* 
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EARTHQUAKE  RESISTANT  DESIGN  OF  HIGH-RISE  BUILDINGS  IN  JAPAN 
Keiichi  Ohteuii,  Chief,  Earthquake  Engineering  Laboratory 
national  Research  Center  for  Disaster  Prevention 
Scienctt  and  Technology  Agency 

In  JaiHMzyf  .1964»  the  building  height  limitation  which  had  been  stipulated  in  the 

Structural  Standard  Law  of  Japan  Since  1921  was  replaced  with  the  building  volume  limitation. 
Number  of  high-rise  tniildings  exceeding  45  meters  in  height  came  out  to  be  about  300  cases. 
These  buildings  are  examined  thoroughly  for  the  aseisnic  safety  by  dyneunic  cuialysis  instead 
of  static  analysis,  and  received  judgc-and-ratlng  as  to  the  propriety  of  Structural  design 
fran  the  committee  consisting  of  specialists. 

In  this  report,  I  discuss  the  present  state  of  design,  especially  of  dynamic  analysis, 
using  the  design  specification  presented  to  the  above  committee.     The  number  of  data 
used  in  this  report  is  78  for  SRC  (con^site  steel  and  reinforced  concrete  structure) 
and  160  for  S  (steel  structure)  omitting  special  type  structures  such  as  high  chixmeys, 
towers*  etc.    As  this  study  Is  the  research  of  materials  based  on  the  actual  design 
speclfieatiQa«  I  ra£«r  to  tb»  pm^aas  of  asaismic  design  oc  tha  fntura  stibjact*  o£  rasaareb 
and  davalflxmnt  bf  conaldaring  the  trend  of  design. 

KBSNORDSt    Building  beight  liaitationf  building  volume  linitationi  flexural-sheax  model i 
earthviake  reaiatant  design;  high-rise  buildingsi  hiatogram  for  building  usesi 
Shear  nodal. 
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1.  INTRODUCTION 

The  building  height  in  Japan  was  limited  to  31  meters  since  the  Kanto  Earthquake.  The 
study  o£  possibility  of  realization  of  the  hihg-rise  buildings  was  started  by  the  Building 
Constructor  Society  with  trust  from  the  Ministry  of  Construction.     In  September,   1963,  the 
Architectural  Institute  of  Japan  published  the  original  draft  of  the  "Guide  Line  for  Aseismic 
Design  of  Tali  Buildings"   ("Guide  Line"),  and  in  January,  1964,  the  Structural  Standard  Law 
of  Japan  was  altered  from  the  building  height  limitation  to  the  building  volume  limitation. 
It  is  certaxn  that  the  rapia  developments  in  the  techniques  of  the  response  analysis  of 
structim  for  •artlK(uakes  (the  dynanic  analysis  of  structure)  aloxtg  with  a  recant  renarkable 
progress  of  electronic  ccqpoters  were  the  bsdeground  of  this  alteration  of  tiie  lair. 

Although  «•  had  been  annoyed  hj  the  absolute  deficiency  of  land  and  overeroeded  state 
of  buildings  in  the  city  region  of  Japan*  we  tocde  the  iat«rest  to  raise  the  open  apaoe  ratio 
of  the  eitY#  and  to  rearrange  the  city  for  nore  green  spaces  by  consideration  of  the  build- 
ing vDluae  limitation. 

In  order  to  assure  the  structural  safe^  of  tall  buildings  exceeding  45  Bet«rs  In 
iMight,  an  Bsaalnation  Board  was  set  up  in  tiia  Ministry  of  oonstruotion  in  Septanberr  1964. 
The  Beard  was  transferred  to  the  Evaluation  Ocaanittee  of  Bi^>Rise  Building  structures* 
the  Building  Center  of  Japsn*  in  August*  1965. 

The  stxoGtural  dssigns  of  higih-rise  buildings  are  carried  out  generally  in  accordance 
with  the  "Guide  Lines*"  usually  ea^ploying  dynamic  response  analysis.   Doouaents  and  drawings 
of  the  structural  design  eure  presented  to  the  Building  Center  of  Japan  by  a  structural 
engineer  and  he  explains  the  outline  of  design  to  all  members  of  the  committee.    After  this 
hearing,  a  sub-committee  consisting  of  appropriate  number  of  the  committee  members  and 
several  other  specialists,   if  necessary,   is  organized  to  investigate  the  design  in  detail. 
The  sub-committee  reports  its  conclusion  to  the  main  cotnmittee,  and  the  decision  on  approval 
is  made  by  the  vote  of  all  committee  members.     Detailed  explanation  on  the  function  of  the 
Evaluation  Ccmmittee  appears  in  the  literature.    Finally  it  is  subjected  to  approval  of  the 
Ministry  of  Ooostruetian. 

Huriber  of  high-rise  buildings  Which  have  been  approved  by  either  tlie  Examination 
Board  in  the  Ministry  of  Oonstruetion  or  fay  tite  Evaluation  Oonaittee  of  Ri^-Kise  Building 
Struetures  in  the  BuHding  Center  of  Japan  is  about  300  eases  from  Mardi*  1963  to  February* 
1977.   OBitting  special  type  structures  sucdi  as  higlh  diimnm's,  towers*  etc.*  from  these 
cases*  and  classifying  then  Into  6  (steel  structure  tot  the  main  parts)  and  SBC  (oompoaite 
steal  and  reinforced  ooocrete  structure  for  tiie  main  parts)  types*  thsir  general  trend  of 
currant  earthqualGa  resistant  design  are  briefly  discussed  in  this  report. 

2.    USB  AMD  SIZB  OT  BOIUIINGS 

Numbers  of  data  which  have  been  used  in  this  report  are  78  cases  for  SR  and  160 
cases  for  S.    These  nus^rs  are  all  the  data  available  to  the  author,  and  form  9S%  of  the 
pertinent  data. 

The  histograaw  fOr  the  use  of  buildings  are  as  follows  s 
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for  SBC  (mm  Pig.  1-a) 

office  (Ineltite  thOM  of  storas  and  IwUa}  36  oasM  (46«) 

taDtal  (Inclvda  ttoaa  of  offloaa)  12  oaaaa  (15%) 

epartmnt  bousa  (includa  ttoaa  of  offices)  16  caaee  (21«) 

beak  7  caaea  (  9%) 

hoapltal  7  caaea  (  9%) 

for  S  (aee  Pig.  I-b) 

office  (Incluie  thoea  of  etorea  wd  halla)  101  caaea  (63%) 

tel«!ptaOMe  station  and  btoadcaatlng  station  13  eaaes  (  8%) 

totel  (iaelnde  ttose  of  offiees)  23  eases  (14%) 

atom  and  dagpartaiMit  stwra  10  caaes  (  6%) 

apaztnent  tense  (iiwlnda  tteaa  of  offloaa)  9  caaea  (  6%) 

other  uae  4  cases  (  2%). 

ProB  tte  trend  of  use.  It  is  noted  that  the  buildings,  which  are  adopted  into  SRC,  are  uaed 
in  many  cases  for  the  apartment  house,  hospital  and  bank.    It  seems  to  be  all  right  to 
consider  that  the  reason  for  this  adoption  into  SRC  are  to  raise  the  rigidity  of  structure 
and  to  restrain  the  deformation.     On  the  other  hand,  about  2/3  Of  the  hlgb-rlae  buildings, 
which  are  constructed  with  S,  are  used  for  the  office. 

The  histogrtuns  for  number  of  stories  are  illustrated  in  Figs.  2-a,b,b'.    When  the 
number  of  stories  is  distributed  10  to  60  stories,  its  peak  is  14  to  18  for  SRC,  14  to  30 
fbr  S.    The  basements  ranged  0  to  5  storeis  for  SRC,  0  to  6  for  S.    It  hu  a  trend  that  the 
S  strveture  is  4  or  5  stories  taller  and  1  story  deeper  than  the  SBC. 

the  total  floor  area  of  the  baiUinge  ia  diatributad  fkon  5,000  to  220,000      and  ia 

2  2 
oonoentrated  on  30»000  to  40,000  ■  .   She  typical  floor  area  oocupied  1»000  to  1,500  ■  for 


the  noat  part.    Ihcugh  the  height  of  the  highest  building  in  Jepan  is  226.2  n,  the  heights 
are  50  to  75  n  Cbe  met  buildings.   Althou^  the  deepest  foundation  bed  eets  on  GL-43  n, 
the  depths  of  the  foundation  bed  ere  located  OL-12     2o  ■  for  noat  oaaea. 

3.    VIBRRinON  CfOmctlftlStlCB 

3-1  HedaUng  of  Structure 

She  atrueture  ia  ao  oonplex  fbr  spece  oe  plane  and  the  nedumical  property  of 
nateriala  ia  not  ao  alaq^le  that  it  la  iavcaaiUe  to  analyse  the  atructural  ^laracterlatiea 
idiich  resBin  intact.    In  the  ceee  of  ^fnanle  analyaie,  the  nodel  constrttcted  in  BSfchanat- 
ically  aisple  focBS  is  necessary. 

A  general  natfaod  of  model  Ing  is  the  nethed  that  oenoavtratos  tlw  m»m  at  each  floor 
level  and  connecta  sgbs  wrings  frcn  floor  to  floor,  so  called  the  idealised  leaped  nese 
vibration  systcB.   Ihe  Shsar  Bodel  and  ^  flexoal-shear  nedel  are  used  for  elastic  rs^ponsi 
analysis,  but  the  enplcgpeent  of  the  fleKuel-Sbeer  nodel  is  nore  widely  need  then  the  ehear 
modal  In  recent  years. 

A  general  method  of  the  uee  of  springs  for  inelastic  response  analysis  is  as  followet 
the  force-deformation  curves  of  the  open  frame  (Rahmen)  and  of  the  qua)cp  r*»sistinq  wall 
are  determined  respectively  as  shown  in  Fig.  3,  and  then  the  curve  of  the  story  is  obtained 
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by  cuaulating  these  curves.    And  simplifying  the  curve  of  the  Story,  the  story  spring  is 
approximated  to  the  polygonal  line  as  bi-linear  or  tri-linear. 

The  sheeu:  model  is  used  for  inelastic  response  emalysis.    If  the  f lexural-shear  model 
la  used  Cor  elastic  analysis,  the  equivalent  shear  node!  which  is  ooostructed  with  the  sane 
fundanantal  period  «bA  vitefttionkl  node  of  the  above  nodel  ie  vMd  foe  inel— tic  analyeie. 

She  hlstograBS  of  the  vlacous  danpin?  ratio  for  the  fundanental  period  <hj^)  are  Bhawn 
in  rigs.  4>a»  b  where  its  peak  is  5%  for  SBC  and  2%  for  S.   She  results  of  vibration  tests* 
irWHiffatfd  that  the  actual  structure  did  not  have  the  daaping  neohanism  which  was  in  propor- 
tion to  the  freqvency.    In  the  structural  designs »  a  method  which  increases  the  damping  for 
the  higher  Bodes  as  the  ^fpe  of  frequency  j^portion*  aasuDLlng  constant  values  for  the  fund- 
a  nental  and  the  2nd  nodes  (for  the  3rd  node  and  so  on,  if  necessary)  t  has  been  oore  and 
aore  anplcyed. 

3^2  Natural  Periods  and  Design  Base  Shear  Ooef ficlents 

She  relationships  between  the  fundamental  period  (T^)  and  the  nunber  of  stories  (N)  are 
plotted  in  Figs.  5-a,b,  &>a«b  where  N  in  Fig.  5  denotes  the  number  of  all  stories  including 
the  basements  and  penthouse  and,  N  in  Fig.  6  the  number  of  stories  above  ground  only  (exoept 
the  basement  and  the  penthouse).     In  these  figures,  one-dot-dash-line  is  for  T^^O.IN  from 
the  formula  proposed  in  the  SEAOC  code,  and  the  reqion  sandwiched  betweon  one-dot-dash-line 
and  the  two-dots-dash- line  is  for  T^=(0.06'\O.lN)   from  the  formula  reconunended  in  the  "Guide 
Line."    The  relation  between  "T^"  and  "N"  is  approximated  by  a  formula  Tj^==0.06N  for  SRC, 
Tj^=0.08N  for  S  in  Fig.    5,   and  T^~0.08N  for  SRC,  Tj^=0.1N  for  S  in  Fiq.  6. 

Since  the  relation  between  the  2nd  order  period  (T^)  and  the  fundamental  period  (T^) 
has  small  dispersions*  a  linear  egnatlon  T^.2€4T^  for  SRC  and  T^mQ^^SAT^  foi;  S  by  the 
method  of  least  squares  passing  through  the  sero  point  can  be  tound  as  Shown  in  Figs.  7-arb. 
the  difference  in  both  approximate  eiQcessions  is  so  little  that  it  would  be  almost  adequate 
to  consider  a  relation  Tj^O.atiTj^  as  the  i^roxlmate  eaqpressien. 

The  rtf.ation  betwem  *T^"  and  "Cg"  are  plotted  in  Figs.  8-a,b  whers      is  the  design 
base  shear  coefficient.    She  "Guide  Line"  has  reoovended  C^«(0.18^.36)/T^  and  0.05<,C^0.2, 
snd  has  advanced  an  cplnlon  that  the      decreases  from  above  formnla  to  (0. 15^0. 30) /T^^. 
Fran  the  actual  state  of  designs,  most  of  thsm  are  in  the  range  of  Clg^<0.24'^O.42)/Tj^  and 
the  designers  have  attempted  to  design  structures  using  the  more  severe  criterion  than  the 
"Guide  Line."    This  is  because  they  expect  that  the  satisfactory  structural  safety  is  to 
be  achieved  only  specifying  the  sufficient  capacity  of  section,  even  if  it  means  a  little 
wasteful  design,  since  the  high-rise  buildings  have  had  no  experience  Of  greater  earthquakes 
and  their  safety  has  not  been  sufficiently  proved  in  practice. 

4.   iNrar  BeciiATiONS  iua>  •ns  KMtimM  impdt  aocblbmitioiis 

The  histograms  of  the  employed  earthquake  accelerograms  are  shown  in  Figs.  9-a,b 
^ere  its  trend  are  alike  for  both  cases  of  SRC  and  S.    El-Centro  NS  is  used  in  almost 
all  designs  as  the  standard  excitations  and  Taft  EW  is  used  in  the  cases  of  80  ^'-^  90  per- 
cents.    It  is  hoped  truly  that  the  high-rise  buildings  are  going  to  be  designed  by  El-Centro 
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NS  and  Taft  EW  in  Japan.    The  accelerograms  observed  in  Japan,  Tokyo  101  NS,  Sendai  501  NS, 
Osaka  205  BW,  etc.  are  employed.     It  is  pointed  out  in  a  few  cases  that  Hachinohe  EW, 
irtilch  gives  large  responses  of  the  structure  with  Irager  funcUuaental  period,  and  El-Centro 
■Nf  lAi^  has  large  effects  en  the  etractarec  with  fundanentel  period  of  about  2  eeor  are 
also  eeployed. 

Figs.  10-arb  give  tiie  nezlinan  input  aoc^arations  for  elaatio  or  inelastic  response 
analysis,  generally  200     250  gal  for  the  foner,  and  350     400  gal  fcnr  the  latter. 

In  the  design  Mthoda  based  on  the  waxiwuw  i^put  acceleration  *  even  if  several  waves 
are  employed,  only  one  wave  of  than  gives  the  waxiinun  response  because  that  they  all  have 
ladivldnal  freqvaney  Oharaeteristies*   Hamly,  In  practiee  it  is  equivalent  to  tiie  design 
aqploying  one  wavOf  and  therefore  in  several  caaes,  the  deaign  nethod  based  on  the  nsxi-' 
«NM  i«pet  vttloeity  is  eeployed.   FOr  the  value  of  the  naximiB  velooi^  oorreapondiog  with  the 
iMBCliWBi  aooeleratloaf  25  kiae  for  elastic  analysis  and  40  kine  fox  inelastic  analysis 
are  used. 

For  the  scale  for  eatbuation  of  the  response  of  structure «  its  standard  value  has  bem 
used  as  folloNSt 

fhe  IMWtswm  angle  of  story  deformation: 

1/250      1/200  for  elastic  anal/nis, 

1/150      1/100  for  inelastic  analysis. 
thm  ductility  factor t      \i  <2  for  inelastic  analysis. 

5.  pnoBxais  CP  vis  obsign  for  higb-risb  boildhigs 

Osing  the  value  of  the  design  for  high-rise  buildings,  studying  the  present  state  of 
the  design  and  dynamic  analysis,  I  raise  several  points  with  regard  to  the  design  and  future 
subjects  of  research  as  follows: 

1)  Institution  of  Input  Excitation 

As  the  "Guide  Line"  has  reconsnendcd  that  a  suitable  input  excitation  must  be  chosen 
in  consideration  of  site  or  foundation  condition,   the  actual  states  of  the  design  has  hardly 
taken  into  consideration  the  aforementioned  condition.     The  development  of  the  "Standard 
Excitation"  and  the  method  that  takes  into  account  the  seismicity  and  dynamic  characteristics 
of  ground  at  the  site  of  the  structure  are  necessary. 

2)  Level  of  Input  Excitation 

In  the  present  design  nethod,  250  gal  for  elastic  analysis  and  400  gal  for  inelastic 
analysis  are  widely  ssployed*  thon^  there  has  been  no  investigation  on  the  safety  of 
stmcture  when  tiie  greater  earthquake  than  the  designed  one  oceure.    It  is  necessary  to  eon^ 
aMer  the  eriteria  to  be  ussd  to  perform  the  abovenantioned  investigation. 

3)  BatabiiiOoient  of  the  Mstorlng  Force  Ciharaoteriatioa 

In  the  ease  of  establishing  ttM  reatoring  force  oharaeteristies  of  the  building  storiee, 
the  MPtfaed  that  wmm   qp  the  fOrce-defocMtlon  curves  of  the  frane  and  quake  resisting  wall 
whicfa  is  individually  calculated  ia  s^loyed.   Altiiough  the  propriety  of  this  nethod  is  not 
yet  verified,  it  is  necessary  to  prove  the  atruotural  bdiavior  by  large^acale  esvarimonta. 
Vibration  teat,  etc. 
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4>     TnatMDt  of  filiate  AMlstlng  NUl 

Iteiag  tha  nmVbei  tgr  ubioh  tte  valnfbrcwd  oomorat*  wall  andh  aa  a  boundary  wall  of  iflia 
xoom  at  hotal  or  a  wall  of  tha  aurrouadlng  ooxa  axa  daslgnad,  tha  noar-raalatlng  wall  ara 
daalgnod  by  the  tzeataant  of  detail  and  the  nost  cases  eure  deslgnad  for  tha  opan  frame 
atnioture.    It  is  necessary  to  reconsider  how  tha  aathod  of  thla  traatnant  ia  to  aim  tha 
floczaet  direction  of  tha  atructural  daaign. 
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Raeldiig  8tr«iiBtii  of  Wood-fxans  Vails 

ROGm  L«  nXMI 
Forest  Products  Laboratory *  Madison,  Wiseoasin 

ABSTBACI 

Evaluation  of  tlia  racking  strength  of  wall  systera  has  genarally  baen  Halted  to 
perfomaoce  testing.    Acceptance  criteria  for  ulclmate  racking  strength  of  sheathed  walls 
are  based  on  the  strength  of  «  mall  with  a  let-la  comer  brace  and  horlsontal  board  sheath- 
ing. 

An  analytical  method  for  predicting  racking  performance  has  been  developed  that 
appears  pvonlslag.   It  la  Independent  of  panel  slse,  and  ftMll-ecala  tests  can  be  used  to 
atignent  the  aore  costly  standard  tests.   A  snail-scale  loading  apparatus  was  designed  for 

rapid  testing  of  wall  sections. 

Let-in  coraar  braeaa  ualng  today'a  eonstruetlon  methods  and  Materials  no  longer  nset 
even  the  alnlaua  level  of  aeeeptanee»    This  la  due  to  the  ellnlnatlon  of  horlsontal  board 

sheathing  and  the  reduction  in  actual  lumber  sizes  which  took  place  since  the  racking 
perforaaaea  aeeiidarda  vara  aatabllshad. 

Racking  atlffness  Is  an  Important  performance  consideration  that  has  not  been  Investi- 
gated.   New  testing  apparatus  has  been  designed  that  will  make  possible  future  evaluations 
of  racking  stiffness. 


KBTOOBltt:  Backing  strength;  Hlndlosds;  Tnplane  shear  forces;  Corner  brace;  Backing  stlff- 
nsss 
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INTRODUCTION 

ThA  xacking  strength  of  a  wall  system  is  defined  as  its  ability  to  veslst  horlsontal 
ii^lane  shear  forces.  These  forces  arise  primarily  from  wlndt  but  ate  also  preasnt  undar 
earthqaake  loadings.    Current  design  procedttres  in  the  Vhlted  States  for  calculating  wind 

forces  are  published  by  the  American  National  Standards  Institute  M 

■reluatlon  of  nood-f  rana  wall  systems  hss  generally  been  Halted  to  perf  orasnce 
testing.    This  technique  has  been  used  baoause  no  aaalytieal  nethod  for  predicting  racking 

performance  has  yet  been  accepted. 

B&CKGBOUIID 

For  the  first  half  of  this  century,  wood-framed  walls  were  typically  built  with  hori- 
zontal board  sheathing  with  let-in  comer  braces.   With  the  developnenc  of  plywood  and 
fiberboarda,  the  building  Industry  abandoned  the  trsdittonel  board  sheethlng  In  favor  of 
the  nore  labox^ef flclent  sheet  products. 

In  1949»  Che  Federal  Housing  Adnlnistration  (FHA)  established  alnlnum  perfomence 
standards  (2)  as  the  basis  for  aeeeptlag  new  sheathing  naterlals.    The  original  etendard 
was  Intended  ss  an  interim  aeasore  until  e  pexaanent  one  could  be  Introduced.    None  has  yet 

been  developed,  but:  a  standard  racking  test  procedure  was  approved  by  the  2\iaerican  Society 

for  Testing  and  Materials  (ASIH)  Q).    With  this  procedure,  the  standard  test  panels  are  8» 
by  8-foot  (2.4-  x  2.4-«)  wall  aectlons,  febriceted  with  nominal  2-  by  4-lnch  (50-  x  100- 
im)  lumber  and  covered  with  two  sheets  of  4-  by  8-foot  (1.2-  x  2.4-«)  sheethlng.  This 

construction  simulates  conventional  platform  construction  with  studs  spaced  16  Inches 
(400  mm)  apart. 

Considerable  wall  testing,  conducted  prior  to  1949*  indicated  that  horlsontal  board 

sheathing  with  let-in  corner  bracing  provided  a  minimum  racking  strength  o£  5,200  Ibf 
(23  kN)  for  the  8-foot  (2.4-b)  square  wall  seetioos.    Experience  with  existing  houses 


Ij  Underlined  numbers  In  parenthesis  indicate  references  listed  at  end  of  this  report. 
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showed  this  to  h«  an  adequata  lavel  of  perfoniaiice.    All  Btroetiieal  ^Atliiag  natairlAla 

were  required  to  meet  this  standard. 

With  the  new  eaphaale  on  energy-efflcleat  conatroetioa,  many  nonetnicturel  sheet 

products  are  appearing  on  the  market.    This  has  forced  many  builders  to  revsirt  tO  wechanl- 
cal  bracing  systens,  such  as  let-in  lumber  or  metal  straps. 

STRDCTDRAL  SHEATHING 

Development  of  Theory 

After  testing  several  standard  wall  panels  at  the  Forest  Froduete  Laboratory  (FPL),  it 
became  apperent  that  racking  etrength  wee  controlled  by  faatener  capacity  rather  then  by 
the  shear  strength  of  the  sheet  material.    FPL  then  developed  e  theory  to  predict  racking 

strength  of  sheathing  materials  mechanically  fastened  to  a  stud  frasie.    The  equation  was 
dorlved  by  an  energy  f ormuletlon  whereby  the  eKtemally  applied  load  is  resisted  by  the 
internal  energy  ebeorbed  by  the  fasteners.    The  freme  ie  eseimMd  to  distort  like  a  parallel* 

ogram  while  the  sheathing  remains  rectangular.    The  struccural  analog  Is  shown  on  figure  1. 
The  equation  for  the  resistance  provided  by  the  perimeter  naila  of  a  single  sheet  of  sheath- 
ing Isi 


f^re 

R  Is  racking  strength  of  one  4heet  of  meterial  (Ifaf  or 

sr  Is  product  of  slip  tlmee  reeletenee  of  a  single  faetenev  (ultJnftte  laterel  load) 

(Ibf  or  H), 

a  is  arctan  (base  of  sheet  divided  by  its  hel^t), 
n  ie  number  of  nail  epaces  on  one  horizontal  «dge,  and 
■  is  nomber  of  nail  spaces  on  one  vertical  edge. 

The  totel  racking  etrength  provided  by  the  perimeter  nalle  of  a  wall  aseembly  ie  then 
the  above  reeult  tines  the  nuniber  of  dieete  of  ■aterlal  pin*  the  strength  of  the  stud 
fraae. 
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However,  this  relationship  Is  complicated  by  the  fact  that  most  sheets  also  have 
liit«vlor  or  flald  nails*    Th«M  flald  iialla,  Iwliig  clos«  to  ttaA  centrold  of  Che  sheet, 
offer  far  less  realataaee  than  the  parlaeter  nalla  (5  to  10  pet) »  Imt  their  contrlbultoik 
■houU  noaetiMlaaa  ha  coaaUarad. 

The  ahove  equation  can  he  nodlflad  to  Inelode  the  eontrlhutlon  of  the  Interior  faata»> 
era,  and  racking  coefflclenta  calculated  for  standard  sheet  sites.  A  Forsat  Products 

Laboratory  report,  "Lightfrsne  Walls— A  Theoretical  Solution  for  Predicting  Racking/'  will 
be  available  later  this  year.    It  will  cover  the  developi&ent  of  this  theory  In  detail  and 
will  include  racking  coefflclenta  in  tahla  font. 

Small-Scale  Tests 

The  theoretical  equation  considers  the  geonetry  of  the  aheathiog,  the  nuabar  of  hori- 
cental  and  Tartlcal  nails t  and  the  lateral  realstance  of  the  fasteners,  hut  la  independent 
of  panel  alse*    Figure  2  shoiis  the  correlation  between  theoretical  and  actual  racking 

strength  of  both  2-  by  2-foot  (0.6-  x  0.6-m)  and  8-  by  8-foot  (2.4-  x  2.4-m)  test  panels. 

Since  the  full-scale  8-  by  8-foot  (2.4-  z  2.4^)  testa  are  ciaibersoiM  and  expansive  to 
run,  FPL  designed  a  saMtll-scale  leading  apparatus.    It  conalsta  of  a  pantograph  frame  Which 

IS  pinned  at  four  corners.     The  lower  menber  can  swing  freely  but  wiii  always  remain  hori- 
zontal*   The  two  structural  neaibers  and  the  pinned-connector  straps  form  a  parallelogran  at 
all  tlaes,  ellninatiag  the  need  for  hold-down  devicee  et  the  comers.    The  principal  adiraa- 
tage  In  this  arrangenent  la  that  the  applied  load  direction  can  be  reveraed  to  study  the 

effect  of  cyclic  loading. 

Deflection  reedlngs  are  obtained  by  neesurlng  the  change  in  diagonal  length  heMeen 
oppoelte  comers  of  the  test  speclnen.    The  current  A9TM  Standard  (3)  requires  three  sinulo 
taneous  measurements:    gross  horizontal  comer  deflection,  slip,  and  rotation.    The  net 
racking  deflection  vust  then  be  calculated  for  each  load  level.    With  the  diagonal  dls- 
placanent  nethod,  loada  and  net  deflections  are  obtained  directly* 

j 
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Lateral  Nail  Tests 

Since  the  lateral  nail  strength  of  fasteners  Is  a  parameter  needed  for  predicting 
racking  strength*  it  Is  laportaat  that  the  lateral  nail  tests  represent  the  actual  wall 
eonstrufitlon. 

Two  standard  nail  tests  are  used  in  the  United  States—ASTM  D  1037  (4)  and  ASXH  D  1761 
<5) .   ASIH  D  1037  was  designed  for  evaluating  the  pvofierciea  of  wood^haee  fiber  end  particle 
panel  naterlala.    Hith  this  aetbod,  the  nail  shank  Is  supported  by  a  steel  stirrup  and  le 

pulled  through  the  edge  of  the  sheet  material.     This  method  is  adequate  for  lower  strength 
■aterlals,  hut  aay  not  indicate  the  node  of  failure  In  actual  racking  Jointa. 

Wth  stronger  materials,  such  as  plywood,  the  joint  failure  aay  occur  In  the  lunber 
rather  than  the  sheathing.    To  better  sinulate  the  actual  joint  for  higher  strength  sheath- 
ing »  a  vodified  verelon  of  the  ASIH  D  1761  test  procedure  ie  reconnended.   This  test  wes 
deelgned  for  eondueting  laterel  nail  tests  In  wood.    The  nodification  recowiended  is  that 
the  cleat  Is  a  piece  of  sheathing  nsterlal  and  the  block  Is  an  actual  piece  of  franlng 
lumber  taken  from  the  test  panel.    Thus,  the  actual  materials. from  the  racking  tests  are 
Bated  in  die  laterel  nail  teets. 

The  distance  between  the  nail  and  the  edge  of  the  sheathing  is  also  very  important. 

The  effect  of  edge  dlatance  on  lateral  nail  strength  la  shown  in  figure  3.   A  3/4>lnch 
(19hm)  and  distance  was  selected  for  the  value  ussd  in  equation  (1)  because  it  best 
repreeents  the  dlsplaeenent  of  the  tension  comer  nails,  uhleh  are  the  critical  ones. 
Nails  along  a  vertical  joint,  where  two  sheets  butt  together,  are  closer  to  the  edge,  but 
their  dlaplacoaient  direction  is  essentially  parallel  to  the  edge  rather  than  tonard  it. 
Half  the  neils  have  diaplaeanent  conponente  toward  the  center  and  are  not  affected  by  edge 
distance. 

LET-IN  CORNER  BRACES 

Maniy  changes  In  constructloii  practice  have  occurred  since  JHk  estahlishsd  the  nininnB 
perfotmanee  standard.    Herlsontal  board  sheathing  Is  no  longer  used,  and  the  actual  slee  of 

dimension  lumber  has  been  reduced.    Sane  building  codes  currently  accept  the  let-in  corner 

VI-29 

Digiiized  by  Goodie 


brace  when  nonstructural  sheathing  Is  used.  However,  few  tests  have  been  made  on  walls 
with  l«t-la  oomMT  bracing  slnee  tlM  parforaaacft  acaadard  waa  developed. 


FPI  conduetad  a  faw  taeta  to  deternlne  ttw  capacity  ot  let-in  coniar  Irracaa  trtth 
today's  materials.    The  first  tests  did  use  horizontal  board  sheathing  to  reaffirm  the  FHA 
requlroientat  and  5.200  Ibf  (23  kM)  waa  attainable.   The  horisontal  board  aheathlng  aapports 
the  brace  agelnat  outward  buckling  and  alao  relnforcee  the  atud  frane.    Thia  «aa  not  the 
caact  however,  when  the  horizontal  boards  were  eliminated. 


Let->ta  eoner  braeaa  are  geaerally  1^-  by  4-lacb  (25-  x  lOO-an)  .boarda  cut  into  the 
frane  and  aacured  irith  two  nalla  pa:  atud  eroaalng.    They  can  act  either  in  teneion  or 

compression  depending  upoa  the  load  direction.     Figure  4  shows  a  typical  brace  under  com- 
preaaion  loading.    Braces  loaded  in  thia  Banner  failed  violently  in  buckling  like  a  slender 
eolian»  or  elae  Che  atud  fraaa  alovly  cane  apart.   The  atrength  of  cOMpreaalon  teaeea 
ealeulatad  by  the  followiag  aquation  for  an  ideal  coluant 

P-^S2^alna  (2) 
L 

in  which 

P  is  applied  racking  force  (Ibf  or  N), 

a  is  angle  between  brace  and  vertical  member, 

a  ia  end  condition  coefficient  (uae  a  •  1  for  pinned) » 

E  la  wdulua  of  eleetldty  of  the  breee  (pal  or  kPa), 

4  4 

I  ia  Bonent  of  inertia  of  the  brace  (in.    or  on  ),  and 

L  Is  unsupported  clear  distance  between  studs  along  the  brace  (in.  or  mm). 


Thia  approeeh  worked  fairly  uell  for  brecea  with  a  wodnlua  of  elaatlclty  up  to  about 
1.6  million  pal  (11,000  HPa),  but  beyond  that  stiffness  the  stud  frame  simply  came  apart* 

The  ultimate  load  when  good  quality  braces  are  used  is  controlled  by  the  stud  wall  and  ia 
around  3,600  Ibf  (16  kN). 


When  loaded  in  tension*  recking  atrength  is  provided  prlnarlly  by  the  laterel  nail 
strength  of  the  naila  iriiich  secure  the  brace  to  the  studs.    The  maximum  racking  load  Is 
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lower  for  braces  loaded  In  tenalon.  Further  discussion  on  braces  Is  pressnted  in  an  upcom- 
ing FPL  Report,  "Racking  Strength  o£  Let-in  Comer  Bracing,  Sheet  Materials,  and  the  Effect 
o£  Bata  of  Loading."  This  rtport  should  be  available  la  a  few  iioathe. 

FUTURE  RESEARCH 

One  iaportant  conaldaratlon  that  has  not  been  resolved  for  racking  perforaance  la  that 
of  xacking  stiff nese.    Tredltloiielly,  recking  teste  have  been  run  eeeentlelly  to  fellure 

without  noeh  attention  to  the  shape  of  the  loed«def lection  curves.    The  Initial  loading 

produces  a  parabolic  curve  with  no  well-defined  stiffness  value  or  limit  of  proportionality. 

Boweveir,  in  the  faiw  eeeee  where  ejellc  loading  wee  perforwedt  the  load-def lection 
curve  beeaaw  fairly  llneer  and  reproducible.   This  was  true  for  leteral  nail  tests,  wsll 
racking  tests,  and  full-scale  house  tests.    Figure  5  is  an  example  of  a  wall  racking  test 
cycled  five  tines  prior  to  loading  to  failure*   The  flret  loading  doee  produce  •  degrse  of 
eet  or  eeatlng  of  the  faeteawe,  but  It  appears  to  bs  a  constant  value  for  a  given  loed 
level. 

In  oquetlon  (1) ,  the  leterel  festener  strength  was  given  as  sr,  the  product  of  slip 
tlnee  reelsteace  or  stlffnees.    If  this  stiff  neee  property  cen  be  better  defined,  then  It 

would  be  possible  to  predict  racking  resistance  for  any  level  of  deformation. 

FPI,  recently  built  a  new  racking  frene  that  le  capable  of  cyclic  load  reversals*  It 
cen  be  progremaed  to  cycle  bemeen  deelred  llnlte  of  dleplaeenent  or  loed  level.   Aleo,  the 

frequency  can  be  adjusted  to  simulate  earthquake  excitacion  or  dynamic  wind  response. 
Load-defleetlon  data  can  be  nonltored  efter  1,  10,  100,  1,000,  or  eny  deelred  nusiber  of 
cyclee.   A  stuAf  Is  scheduled  for  leter  thle  yeer  to  uee  thle  new  epperatua  In  en  ettenpt 
to  develop  reeking  stiffneee  inforaetlon. 

SinOttBY 

A  relationship  between  theoretlcel  and  actual  raddng  strength  bee  been  developed  that 
appears  quite  proniaing.    Snell-scele  teste  cen  be  used  to  eupMut  the  aore  cunberecne  end 
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ttl^enslve  standard  tests.    The  small-scale  tests  should  provide  a  quick  and  easy  way  to 
•stlaattt  tlM  raekliiK  propwrtim  of  mw  gheet  mterlals* 

Tlie  actual  performance  of  let-in  corner  braces,  wlehout  the  horizontal  board  sheathing. 
Is  mil  belov  the  5,200  lb£  (23  kN)  level  required  by  FHA.    Although  the  strength  and 
stlffiiMS  Of  the  braeo  «r«  ixportaat*  «  l«iv«l  i»  roached  nharo  the  stud  froa  controls 
ttltlMte  stronsth. 

Backing  stlffnoBo  is  an  Inportant  perfonMuee  considetation  that  ha«  not  been  Inveatl- 
gatod.   A  Mw  toBt  appaxataa  has  roeantly  boon  dooignod  thot  should  onablo  roooarehoro  to 
stttdy  the  atlffnasa  proper tloo  of  wall  syataBO  under  cyclic  loading.    These  tests,  together 
vlth  a  theoretical  design  approach,  should  provide  a  means  for  predicting  racking  resistance 
•t  vavlouo  lovoZo  of  load  or  dofleetion  belov  ultlaato  strsngth. 
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ORIGIIiAL  MNEL 


DISTORTION  UNDER  LOAD 


Figure  1.   OrlglMl  pmtH  Aanm  p«ranMt«ra  necessary  to  esleulace  raeklni  serength. 

Under  loed,  the  frene  distorts  like  e  perellelogrs*  uliile  the  iheetlilttg  rmlns 
rectangular.    The  direction  end  relative  magnitude  of  tlie  nail  displeceasnts  are 
shove  undez  load* 


Figure  2,    The  relatienrtiip  between  theoretical  Figure  3.    Lateral  nail  strMgth  at  ▼azlous 

and  actual  racking  strength  for  both  edge  distsaces  for  four  tgrpee  of 

full-scale  and  sull-seale  test  fiberhoeid  sheathing. 

specimens. 
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Man,  fMMbv  MiTiD  TO  vumn 

FlBiire  4.    SehMatle  dlagraB  of  •  let-in  eoriMr  brace  being  loaded  la  eoapreeelon. 


1  r 


D€FLBCT!ON  flUI 

Figure  5.     Typical  load-deflection  pattern  for  cyclic  loading  of  wall  panel.  Curve 
becomes  fairly  linear  after  the  first  cycle  seats  the  fasteners. 


] 
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In  an  effort  to  help  draft  an  eeurthqoake  disaster  odtigation  program,  an  evaluation 
nethod  for  danages  of  structures  by  earthquakes  is  proposed.    Concepts  of  the  ratios  of 
razed  houses  and  probability  theorlss  with  nunbsr  of  rased  housss  have  been  saployad  in 
the  nethod. 

nnnR>iiD6t   Damgea  of  atructore  fay  aartiiqitialEa}  dlaaatar  ndtigatioiit  probability  theory i 
ratio  of  rased  liousesf  wooden  houaea 
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1 .  INTRODUCTION 


A  eoaBiiOsratlan  In  the  evaluatlcni  of  danages  of  stniotuxm  by  future  eaxthquakes  is 
pzopoaed  haxein.    This  wouB  help  in  drafting  an  earthquake  disaster  nitigation  program. 
Prior  to  evaluating  the  losses  of  lives  and  danages  to  the  struotures*  the  danages  of 
houses  Mere  aaalgned  an  Index  in  tens  of  the  iriwle  losses  and  danages. 

Vwe  instance,  B.  KlBuno  and  9.  Boriuohi  presented  relationdhips  betareen  tiM  ratios 
of  outbreeJc  of  fires  emd  those  of  totally  destroyed  dwelling  houses  caused  by  past  earth- 
quakes since  the  Great  Kanto  Earthquake  in  1923  as  shown  in  Fig.  1  (IK    And  relationships 
between  the  losses  of  human  lives  and  those  of  rased  houses  in  the  Fukui  Earthquake  in  1948 
are  presented  as  shown  in  Fig.  2  (2). 

The  equivalent  ratio  of  razed  house   (defined  in  Chapter  2),  which  oould  be  considered 
as  em  index  of  principal  damage,  is  assumed  as  follows. 

(1)  The  equivalent  ratio  of  razed  houses  nortnally  expresses  a  seismic  intensity 
even  in  the  vicinity  subjected  to  severe  earthquakes,  where  data  on  ground 
■otions  are  rarely  obtained. 

(2)  Itooden  houses  are  ooHHon  duellings  in  thia  oountryf  and  nucb  data  on  daaagea  of 
«ODden  house*  by  earthqn«k«»  have  been  reported. 


In  this  report,  the  equivalent  ratio  of  rased  houses  at  a  respective  site  by  a 
'  strong  earthquake  tms  estiaated  by  applying  statistical  relationaihips  among  the 
eq^ivalent  ratios,  apieanteal  distances  «ad  Magnitude  (Bichter  Scale)  of  the 
earthquakee  rqported  at  the  last  Joint  Meeting  {3,4).   Furthermore  the  results  of 
the  evaluation  nve  oo^axed  with  actual  davges  at  the  site  caused  by  the 
eartdiqpiekes  * 

2.     DEFINITIONS  OF  DISTRIBUTION  OF  DAMAGE  RATIOS  OF  EXISTING  WOODEN  HOUSES 

CMJSBD  BY  MST  EARTHQ{»iKES  (3) 

Osing  ttie  statistics  of  disaster  doounants  on  short  distant  earthquakes,  Fukni  Barth- 
quake  CM  •  7.3,  1948),  Xsuhanto  Oki  Bartiquake  (H  »  6.8,  1974),  and  B»ino  earthquake 

(M  =  6.1,1968),  relatlonslllps  among  ratios  of  rased  houses,  epicentral  distances  and  mag- 
nitudes of  eartliqaafces  were  reported  (3).    The  equivalent  ratio  of  rased  houses  is  defined 
as: 


— .  of  Hased  Hottsea  *  0.5  at  MumbMfs  of  Half  Based  Bouses 
''l'*'  Total  Buiber  of  Bsisting  Booses  *■ 

Conclusively,  the  ratio  Dj  in  the  area  of  dlluvluin  or  tertiary  is  given  as  D^j  and  in 

the  area  of  alluvium  is  given  as  Dj^^^, 

O^j  -  V164  X  10°-"^'*  *  -  (1) 

D^^,  -  V73  X  10°-""  *  - 

where  A  -  ^ioentral  distances 

M  ■  magnitudes  of  esrthquakes  (Richter  Scale) 
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3.    Ml  IVMIATZCII  MRBOID  GT  DMUGB  TO  WCXXSII  HOUSBS 


In  the  previoiis  chaptw,  tfaa  qiuuititatlw  zvlationsMpa  anong  tbm  ttqulval«nt  ratio  of 
rasad  houaaa,  ^icantral  dlstanea,  and  nagnltuda  are  given  in  Bq.  (1)  and  (2) .    In  order 
to  estimate  the  distribution  aa  for  the  eq^lvelent  ratios  In  Tokyo*  Kawaaakl  and  Ydcoliaae 
dietrlctSf  the  eartbqneke  is  assumed  as  follows: 
magnitude         *  atedium  class  as  6  to  7f 
focal  depth      =  less  than  50  km, 

spioenter         =  ass\lmed  as  the  same  point  located  at  the  epicenter  of  Ansei-Yedo 
Earthquake   (1855),    i.e.,   E139.8°,  N35.8*. 
In  general,  wooden  houses  behave  elastically  witii  relatively  small  aniplitudes  of 
deformation  induced  by  ground  motions,  and  elasto-plastically  with  relatively  large 
amplitudes.     H.  Umemura  proposed  critical  seismic  lateral  force  coefficieriLs  at  a  point  from 
elastic  to  elasto-plastic  states  as  0.4  for  one  story  houses  and  as  0.6  for  two  story 
houses,    N.  Monondae  proposed  the  relationstilp  between  the  retio  of  rased  boua^  and  Beianie 
ooafficlent  K  as  Eq.  (3)  assunlng  a  Caaaslan  Distrlbutlonr 

ICQ      r  ^  -(lC-Ko)2/2o2 

Dj  •   /        e  dK  (3) 

*       ilia  J 

where  Xo  ■  average  resistivity 

o  «  the  parasMter  expressing  unlfomlty  of  resistivity 

Fig,  3  shows  t^c  rstimated  results  by  applying  Eq.    (3)  to  Noubi  Earthquake  (Ko  =  0.40> 
O  =  0.053),  Fukui  Earthquake  (Ko  =  0.40,  0  =  0.071,       Kanto  Earthquake   (Ko  =  0.45,  a  = 
0.071),  and  Sempoku  Earthquake  (Ko  =  0.47,  a  =  0.105).     Recording  to  this  figure,  the 
original  ratios  of  razed  houses  D^*  corresponding  to  the  critical  seismic  coefficient 
of  0.4  and  0.6  are  20  to  50%  and  90  to  100%,  respectively.     So  the  multiplier  6  for  the 
orrgmal  ratio  of  razed  houses  of  two  stories  normalized  by  those  of  one  story  becomes 
1.8  to  5.0.    In  this  report,  6  is  assumed  to  be  1.8. 

In  Bq.  (2) «  the  everage  depth  of  alluvial  deposits  Is  assuned  to  be  10  to  30  n. 
Aie  eqEttlvalent  ratio  of  rased  faouees  at  the  aree  of  thldcer  alluvlusi  vlll  be  gze&ter.  Fig. 
4  shorn  the 'relationship  between  the  eq!tilvalent  ratio  of  rased  houses  and  the  dcy^ths  of 
allvvlal  d^oslts  In  fdkyo  and  Yokohaaa  dlstrlete  during  the  Kanto  Earthquake.   Vhe  date 
from  the  Investigations  fey  H.  KbimsubI*  y.  Ohsakl,  s.  OMote  and  S.  Hlyanura  are  used  in 
tlile  estlnatien.   Jkooozding  to  this  figure*  Uie  sniltlpUers  Y  for  the  equivalent  ratio  In 
tiie  area  with  verteue  dsipth  of  alluvial  deposits  are  evaluated  as  shown  in  Table  1.  These 
anlttpliers  are  nocnallsed  hgr  the  ratio  at  alluvial  deposits  10  to  30  ■ 


^_  number  of  razed  houses 
*D 


2      total  numebr  of  existing  houses 
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Pig.  5  shows  the  deviations  of  the  equivalent  ratio  of  razed  houses  in  subground  type 
11  for  the  FuXui  Earthquake.     The  numbers  on  the  abscissa  in  this  figure  correspond  to  those 
equivalent  ratios  of  razed  houses  in  Table  2.    The  deviations  shown  in  Fig.  5  are  relatively 
large.    Oonparlng  the  deviations  in  Fig.  5  with  the  nupdiers  of  existing  wooden  houses  N  in 
Table  2#  it  can  be  aaw—d  'Uiat  *V*  also  affects  tti»  equivalent  ratio,    in  this  report,  tite 
deviation  is  assunsd  to  be  a  binondal  distribution.    Risk  Indexes,  RIf  wliidi  iieans  vsp^x 
oemtrol  liaits  for  three  standard  deviations  of  the  equivalent  ratios  are  introduced  as 
follows I 


in  Z  1 


"1  J 


(4) 


+3    Y  D^(100-Dj)/ll 


in  X 


la  which 

■  vfipmt  liAlt  of  the  deviation  of  the  equivalent  ratio  of  rased  houses. 
1^  •  lower  limit  of  the  deviation  of  tiM  equivalent  ratio  of  rased  houses. 

■  the  average  equivalent  ratio  of  rased  houses  in  the  area  of  a  certain  range 
of  eploentral  distance. 

A  binomial  distribution  can  be  approximated  to  a  normal  distribution  when  N  is 
sufficiently  large  and       is  sufficiently  small.    The  difference  between  these  distribution 
funetimis  is  given  by  Bq.  (6), 

P,        ■  P  binominal  -  P  normal 

c  N*  _    R       _  N-R 

-  I   .       '  (D,)  (l-D.) 


(C<M/2«1I.D,)/    y  H.D-(1-D,)  _u 
*  11        1     e"  2 


2 

du  ...  (6) 


The  relationehip  of         and  R*  Is  shorn  in  Fig.  6.   Aeeording  to  this  figure,  a  binomial 


'Ig.  6. 

distribution  approximates  to  a  normal  distribution  having  eui  error  of  2%  when  M  exceeds 
100.    If  RI  is  greater  than  10,  which  means  that  the  actual  equivalent  ratio       exceeds  D^i 
Rl  can  be  considered  being  affected  by  other  factors  than  earthquake  intensity »  i.e.#  sub- 
ground  condition. 


*R  -  number  of  razed  houses  +  0.5  x  number  Of  half  razed  houses. 
=  number  of  equivalent  razed  houses. 
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The  estimated  ec[uivalent  ratios  of  razed  houses  6^^  and  S^^j^'  comsidsring  the 
diffsnnco  of  resistivity  betmen  the  houses  of  two  stories  and  those  of  one  stoxy,  the 
dspth  of  mlliiviel  deposit  end  the  sample  sis*  of  the  existing  hooaee  in  the  areas  ere 
9iv«n  es  follOM* 

-  «.RI«DjJ  in  %  (7) 

-  ^-^^  Did  i«  X  <6) 

in  utiich 

II 

1>1„   -Dj,   +  3  (100  -  B^)/n 

&    -  r 1.00  in  the  area  where  most  houses  are  one  floor 


J  1.00  in 
ll.80  in 


the  area  where  nost  bousee  ere  two  floor 

Y     ;     given  in  Table  1 

»  Eq.(l),  (2) 

RI  I  given  by  Bq.(5) 


Vhe  pKooedure  steted  sbovs  wee  epplled  to  Tdkyo,  Kameeeki  end  Yokohem  districts  end 
Pig.  7  ehOM  the  results.    In  this  estiaetionf  ttw  values  of  RX  were  dbteined  fran  the 
ndcui  Bartiig^itfEe  data.   The  value  of  6  wee  esswsd  to  be  1.80»  beoause  sost  of  the  existing 
vooden  bouses  are  two  stories.   The  evwrage  depth  of  alluvial  depoeit  in  nerd  k  «ee 
eetinated  ae  tolloifsi 

K.I      (il^L+Mii)  Al  /    I    A,  (9) 

^    i^i       '  1-1  ^ 

in  which 

hi  -  the  d«th  of  alluvial  deposit 

Ai  -  tb»  area  in  iriileh  depth  is  betMeen      and  hj^^^^ 

Xn  rig.  7,  Hpferr  aiddle  and  loner  nwerals  in  eadh  ward  ocKreqioQd  to  the  estiaatsd 
equivalent  ratioe  of  razed  houses  deetroyed  by  the  assuaed  earthquake  of  Bagnitude  6.0, 
6.5  and  7. Of  revectively. 

4.  OOHSZDKK&TXail 

Baaed  on  the  eraalnatlion  deeoribed  herein  tax  the  evaluation  siMhod  of  dasMige  to 
existing  wooden  hottses  by  eavthqiiiakeaf  the  estlwated  ratio  of  rased  houses  and  the  actual 
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ratio  reported  in  the  document  of  razed  houses  in  the    Anaei-Yedo  EarthquaXe  (1855)  com- 
prehensively agree  with  each  other  except  minor  errors. 

Here,  one  of  the  evidences  of  the  evaluation  method  for  the  d2unage  ratios  as  well  as 
ttielx  dlstribtttioiis  oould  b«  glv«n.    Using  these,  it  would  be  posslbl*  to  feotAlly  ewaluAte 
tb*  iMM*  «ad  ctaangM  by  th*  MrtliQitfkM. 
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Table  1     Multiplier  for  Depches  of  Alluvial  Deposits. 


^   District 

Depth  of   

Alluvial  Deposit 

Tokyo 

Yokohaina 

40  a  >       30  a 

3.60 

1.17 

AO  111 

8.80 

1.23 

Table  2    Equivalent  Ratio  of  Razed  Houses  in  Fukul  Earthquake 


Intai 

tarn  Of  VltUt> 

Epicene ral 
Mstanc* 
(Ka) 

Nunbcr  of 
Exist tn( 

HOOMI 

Equivalent 
••tie  of  Razed 

(*) 

1 

u 

«.l 

497 

98 

2 

Haruoka 

4.7 

1.680 

30 

3 

Ha  rue 

J.» 

2,418 

95 

Hyogo 

2.0 

320  100 

Higashijufto 

1.4  9Cl4 

99 

Ohiahi 

4.5 

568 

100 

Ohxcki 

■ 

415 

99 

Hon* 

5.6 

780 

8B 

Sat  Slime 

9.2 

SJ5 

24 

NakafujUhlna 

6.J 

100 

Kib* 

m 

*1 

Haaaahlio 

—o — 1 

Honiyo 

760         '  9? 

Msrlca                            5.:  1,773 

97 

Kanaxaa 

6. J       1  l.JW 

■?2 

Avara 

7.8         1  1,25* 

B6 

Kauaal 

5.6 

692 

99 

HigaahifaJlaUM 

9.0 

747 

100 

Isobe 

6.8       J  880 

99 

conrosMUM 

«.i     1  m 

M 

T«UbSU~  - 

S.S        1  1,366 

Hiahlfnjlahlaa             9.:  674 

)5 

Shlnbo 

9.;  310 

3^ 

Uian 

50 

Vaahlro 

i3;o  " 

"911  

58 

hikul 

10. s 

17,805 

69 

1.501 

56 

159 

90 

Klcaiata 

11.7 

844 

88 

Tsuboe 

10.1 

703 

73 

Rokujo 

14.7 

563 

94 

Okabo 

11.6 

6U 

9l 

Yo«hlno 

U.I 

262 

75 

31       ;  Dalatvojl 

18.$ 

3,353 

39 

};      1  Shioya 

15.6 

741 

u 

M      1  Hlkl 

«31 

— »— 

S«to« 

11» 

KaBlBonju 

14.0 

545 

30 

Shiaoaonju 

iJ.o 

565  J 

94 

Stkau 

■  tt;4 

— m — 

Tateaatm 

17.7 

856 

2 

Nichian 

17.5 

448 

10 

Anutau 

16.3 

647 

1 

Nanio 

U.B 

MS 

jn 

Sandanl 

ifi 

Toio 

49 

yoahlkawa 

21.9 

591 

1 

Kacayaaaiu             |  lli.it 

1,416 

14 

Kita  NaVayaaw          |  2S.0 

 828 

H 

Kakagaua 

23.3 

760 

2) 

Katagani 

22. J 

397 

11 

Yutaka 

24.? 

IM 

1 

Shitu 

21.8 

570 

5 

Tturlba«hl                I       24.0  iOI 

Kur Icabe 

56 

Kita  Shlnlo 

25,5                519         1  2 

57 

Kunltaka 

26.5 

947         ]  2 

S8 

Minaal  Makayaiu 

26.0 

S66         t  4 

$9 

Yatano 

J7.0       !      6*4        1  1 

60 

NaaEart 

40.0 

1.S98 

1 

61 

Minaco 

42.2 

i 

ii 

HlaachnfM 

i2.0 

vn 

1 

u 

U.5 

1 
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Tig.  2      Relationships  between  Equivalent  Ratio  of  Rascd  NouMa 
and  LosMS  of  Lives  In  Fukul  Earthquake3) 
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Fig.  5     Bqulvslent  tatio  of  Raced  Bouses  and  Its  Deviation  in  Fidoii 
Bartliqoakft* 
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Table  3     Equivalent  Racio  of  Razed  Houmb  in  Ansei-Yedo  Rarthquakft 


Group 

Equivalent  Ratio 

^■""--s.,,^  Kazed  House* 

Equivalent  Ratio  of 
Razed  Houses  Obtained 
from  Doetnenta^^) 

Estlnated 
Equivalent 
Ratio  of 
R«z«d  Houae* 

1 

(Chlyoda  Hard) 

46Z 

35X 

2 

(Chuo  Ward) 

8 

26 

3 

(Minato  Ward) 

80 

34 

4 

(Bunkyo  V*rd) 

66 

46 

■ 

3 

(Taito  waTa> 

91 

6 

(Sumlda  Ward) 

80 

100 

7 

(Koto  Ward) 

76 

84 

I 

'b-n  (Binominal  Prohabtllty  —  WOznal  Probability) 


-fljOl- 


-ao2 


15  R  (Number  of  Equivalent 
Razad  Hooaes) 


(a)  II  -  10,  50      Di  -  10  X 


Fig.  6     Influenea  of  Niiabar  of  Rxlstlng  Houses  on  Binoninal  snd  Norml 
Distributions 
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Fig.  6      Influence  of  Number  of  Existing  Houses  on  Binominal  and  Normal 
Dlatrfbutlen* 
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Fig.  7     Estimated  Equivalent  Ratio  of  Razed  Houses  at 
Each  Ward  in  Tokyo,  Kawasaki  and  Yokobaaia 
districts 
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Tig.  9     Distribution  of  Rouivalent  itetlo  of 

Razed  Houses  Obtained  from  DocunentB 
of  Ansei-Yedo  Earthquake  14) 
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RELATIONSHIP  BETWEEN  MODIFIED  MERCALLT  INTENSITY 
AND  VOOD  FRAME  DWELLING  EARTHQUAKE  INSURANCE 

Karl  V.  St«lnbrugge 
insuraiiM  SawiM*  0£fie«r  San  Prmeijoo*  c«lifo«nl««  U.S.A. 

S.  T.  Alvwniasm 

U.S.  Geological  Survey*  Denver ,  Colorado »  0.8. A. 

ABSxmvcx 

VradltlonaUy*  earthquake  Inauraiioe  ratea  have  been  baaed  on  bualneaa  judgnant  taiipared 
by  engineering  ijiput  obtained  fxon  analyees  of  observed  earthquoJca  danage.    She  doveloipnent 
of  loaa  aJnolatien  tebhnlqwia  has  provided  iavortant  new  input  for  iaproveaent  of  the 
basia  for  eartbiqpiake  inauraaoe  ratea.    Sane  taportant  loaa  aimilatlpn  reaulta  are  raviauad. 
Modified  Merealli  intensity  oan  be  directly  related  to  dwelling  loaa  and  is  an  iqportant 
paraneter  in  dwelling  lose  aiMolation  studies.    Careful  additloiial  atudy  of  eidatiiig 
dMalllag  loaa  data  (aucAi  aa  ia  awailabl*  for       1971  sen  remamdOf  califmmia#  earthquaka) 
togetbw  with  wall  planned  danage  studies  after  future  oarthquakoa  will  lead  to  greatly 
laproved  loaa  eatinataa.   Pzobabiliatie  loaa  Bodela  ahould  alao  be  developed  tor  dwelling 
loan  atudlaa  and  the  effects  of  parawatar  uncertaintiea  takan  into  aoooont. 

KBXWOHSSt    Earthquake  losses}  Earthquake  inaurancai  Loas  aiSMlation)  Intmsilylosa 
ralatlcnahlps 
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XNTMODUUTIOn 


The  traditional  pmperty  insurance  netbod  ia  to  establiah  rate  levels  based  on  insnranee 
loss  eqperisnee  gained  oiver  the  years,  unfwtnnatelyf  earthquake  Instirance  loss  data  do 

not  exist  in  any  meaningful  way.    In  th«  Ibiited  States »  earthquake  insurance  was  not 
written  on  dmillinigs  at  the  time  of  the  1906  Scm  Francisco  shock.    Praictically  no  earth- 
qxiake  insurance  was  carried  by  homeowners  prior  to  the  1925  Santa  Barbara  earthquake,  the 
1933  Long  Beach  earthquake,  and  the  1952  Korn  County  earthquiUce.    Little  was  carried  in 
the  most  heavily  shaken  areas  of  the  1971  San  Fernando  shock.     Dwelling  loss  data  from 
elsewhere  in  the  world  do  not  exist  in  an  Insurance  loss  sense  and  are  usually  coiqplicated 
by  non-relevant  construction. 

Over  the  years,  earthquake  insurance  rates  have  been  generally  based  on  business 
judgment  which  was  tempered  by  engineering  judgment  in  turn  based  on  observations  of 
damage  in  earthquakes.    There  were  no  alternate  methods.    In  recent  years,  simulation 
studies  cm  dwslling  earthquake  losses  trad  to  confini  the  appropriatsness  of  long  estsb- 
llshad  dHsHlag  rates  —  this  nawer  aethodolo^y  will  bs  discussed  in  nnre  detail  In  the 
next  section  of  this  paper. 

The  judgamt  proeedures  iriiich  were  used  for  ov«r  half  a  oentory  are  adequate  for 
eaall  volonaa  of  fadainess.   m  recant  years,  hoMsverf  there  have  been  an  increasing  nmbsr 
of  inquiries  and  stataaenits  f ran  Federal  and  California  state  authorities  regarding  the 
poaaibility  of  nandation  of  earthquake  insuranee  for  dwellings,    m  California  alone* 
dwelling  valuee  at  riSk  in  a  single  najor  event  are  in  terns  of  nany  billions  of  dollsrs. 
ThiSf  in  turttf  has  aade  researcb  eeononically  feasible  for  dselling  insuranee  rates  as 
well  es  a  nesd  to  eioyiine  pessibl*  industry  capacity  pcoblens.   It  fbllews  that  it  has 
becone  ^ppcoipriate  to  develop  alternate  loss  detecnination  nethcdologiea.   Msthods  for 
estination  of  losses  to  wood  frame  dwellings  are  discussed  in  this  paper i  however,  the 
techniques  discussed  here  are  generally  applicable  to  other  classes  of  construction*  if 
the  boilding  units  are  widely  distrlbutsd  in  the  affected  area. 

BOOMONIC  CORBTRkXmS 

Any  kind  of  basic  earthquake  insuranee  study,  uliethair  fbr  the  private  or  ptiblie 
sector,  req^ilres  an  understanding  of  Monetary  loss  assoelatsd  vltli  qpeoifio  esrUiquakss. 
Monetary  loss,  usually  expressed  as  a  percentage  of  value,  must  be  ralatable  to  (a)  earth- 
quake magnitude,  (b)  nature  anA  duration  of  ground  motion,  and  (c)  a  practical  classifloa' 

tton  of  buildings  according  to  damage  patterns.     Historic  records  of  Modified  Mercalli 
intensities  have  important  functions  in  these  earthquake  insurance  loss  Studies  since 
these  intensities  may,  in  many  cases,  be  equated  to  monetary  loss. 

The  detail  and  refinement  of  any  earthquake  loss  estimates  intended  for  practical 
insurance  application  will  be  lintlted  principally  by  costs.    In  actuality,  the  engineering 
costs  involved  in  field  exanining  dwellings,  identifying  then  by  class  or  danage  type,  and 
rscognising  local  gaologio  hasarda  anst  be  borne  by  the  insurance  puridiaaer.   To  these 
costs  nust  be  added  overhead  and  taxes.    In  the  private  sector's  ces(pstitive  nsrketplaoe, 
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a  ecMplax  awvlUag  cl«««ifle*UMi  qpstw  will  robrtanttally  iiiox<aaTO  total  oosts  and* 
idilla  battar  rasulta  ara  ebbaiaad  in  an  anfinaaring^wianca  aanMf  nocBBlly  will  mka  tiia 
aatica  pceeaM  aconcwlcally  tm£aMibla.   For  taa^plaf  tiia  coxxant  claaa  ratad  aartliquaka 
inauranoa  pemIhi  (i.a.,  rata  Manal  baaia)  fer  a  $50,000  nood  fxaa*  dMalling  in  San 
Fraaoiaoo  or  Loa  Aagalaa  wovld  not  awaad  $100  amiually  for  tiia  usual  oua.   If  indlTidnal 
aaginaaring  inspectlona  and  analysla  wtra  «ada  and  pariodlcally  updatad  (say  not  aicoeediag 
10-year  Intervals)  these  engineering  costa  p»lva  OVWlMada  of  accounting,  filing,  ate*  * 
ifould  probably  substantially  exceed  $10  per  year.    Assuming  a  minlmiOT  of  SIO  per  year, 
this  would  amount  to  a  10  percent  increase  in  premium  over  class  rating  (i.e.,  no  inspec- 
tions>        probably  enough  to  lose  a  competitiv«  odge  in  the  private  sector.  Unfortunately, 
it  has  y*^t.  "ri-,  be  shown  that  the  cost-benefit  would  be  sufficiently  favorable  to  ail  con- 
cerned to  warrant  inspections.     Indeed,  based  on  fire  insurance  experience,  specific 
rating  of  single  family  dwellings  is  quite  unwarranted.     Alternative  to  all  of  the  fore- 
going, cost  differentials  probably  would  remain  the  same  even  if  insurance  were  issued  by 
the  public  aaotor,  wilaaa  aoteldisad  (avantually  being  paid  by  tha  public  through  taxaa) . 

In  past  pxactioaf  the  approaflb  baa  baan  to  group  all  singla  faaily  wood  fewa  dwall- 
Inga  into  ona  claaa  and  diaragard  oonatruotion  variantar  tharatay  alialnating  high  coat 
*mgliiaarlng  flald  la^paotiona  and  xaduelng  Mpaxwark  to  that  which  out  ba  readily  pcooaaaed 
by  the  taoaiaewnar«  hia  agant,  and  office  clarka.    It  haa  bean  practical  to  nap  principal 
atsiicturally  poor  gxeoad  acaaa  and  apply  a  rata  penalty  in  na jor  coaBunitiaa  idiara  inauxanea 
may  ba  connnly  oaxriad. 

Practical  dwelling  atib-olaaaaa  oould  include  age  aiPxoaEla»ticna  and  atory  height. 
Data  of  eonatnaetion  datandnad  or  aatlantad  to  tha  naaxaat  decade  ia  uaaful  aince  age 
raflecta*  in  a  general  way^  aaxthquAfee  xaaiatlve  conatxuction  practices  and  the  poaaible 
amount  of  deterioration  over  tine*    NieKOMIiation  has  not  yet  been  developed  to  a  state 
lAiere  it  can  be  applied  on  a  uniform  and  consistent  basis  from  city  to  city  and  is  relatable 
to  usabl#»  los?i  figures,  and  t>ierefor<^  is  not  part  of  present  ins'jremce  rating  proqrcims. 
In  su-Tinary,    Mconomics  dictates  tha?:  wood  fr.urifi  dwellings  be  sxnpiy  classed,  with  possible 
rating  varients  being  based  on  easily  determined  factors  such  as  age,  story  height,  geo- 
graphic location  by  political  boundaries •  and  location  in  major  structurally  poor  ground 
areas. 

SnniJIIIKD  L068  THCHIIIQIDBS 

A  fundamental  advcince  in  improving  the  basis  for  earthquake  insurance  rates  has  been 
the  development  of  earthquaXe  loss  simvilatlon  techniques.    Several  important  dwelling  loss 
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simulation  studies  have  been  published  in  recent  years-*- ' ^ ' ' ^ ,  in  addition  to  general 
discussions  of  the  simulation  technique^. 

Direct  economic  losses  resulting  from  earthquakes  depend  u^pon:     (1)  the  distribatioik 
and  kiaSM  of  pxopert^  at  zLA,  (2)  the  ground  disking  and  ground  fAiluess  of  vnrioiis  tygmm 
asBociBtad  vltb  oarttiqnakfts,  and  (3)  tte  ralstionalilps  btttwseii  (1)  and  (2)  that  xasolt  in 
•oonoBle  loaa*   In  leaa  aimlatlon  sinidiesr  tha  distribution  of  peogtxtt  at  risk  is 
estiMtad  in  8on»  nannar.   Iha  saisniclt?  of  the  area  considered  Is  ■adeled  either  determine 
Isticelly  or  probabilistically  and  losses  are  oonputed  using  dawage  ground  notion  and 
danaga-ground  failure  relationehips.   As  an  esanpler  oonsidar  the  flan  Fraaeisoo  area,  in 
the  San  Francisco  area*  aarthquakBS  have  danaga  patterns  that  are  related  to  end  can  be 
quantified  with  reapeot  to  earthtpiafca  nagnitutef  length  of  fault  di^lacensnt*  geographic 
danage  distribution  throughout  the  affected  area  by  class  of  construction*  and  other 
siBllar  naasurable  dtaraetetisties.   Using  the  earthquake  history  of  the  arest  it  is 
possible  to  simulate  the  danage  and  losses  for  any  postulated  or  knmm  distribution  of 
buildings  fey  oonstrueticn  class  for  any  given  earthqpiake  or  set  of  earthquakes.    The  total 
losses  for  each  class  of  construction  for  the  entire  historic  record  can  be  developed  by 
swat  ton.    In  other  words*  the  total  dollar  loss  for  ai^  class  of  construction  and  for 
any  geographic  distribution  can  be  computed  for  any  given  earthquake  in  the  San  Francisco 
area.    It  then  follows  that  the  total  loss  for  all  earthquakes  listed  in  the  historic 
record  can  be  determined  and  the  simulated  average  annual  loss  established.  Alternately, 
a  probabilistic  simulation  model  may  be  constructed,   incorporating  uncertainties  in  inven- 
tory, seismicity,  ground  motion,  and  resulting  losses  to  buildings.     Isoscismal  maps  and 
the  related  intensity  data  play  a  key  role  in  simulation  studies.    Of  paramount  importance 
is  the  need  to  relate  intensity  to  monetary  loss.    While  the  concepts  are  simple,  the 
computational  details  can  be  con^lexj  the  cited  references  '  '  '  ,  describe  the  methodology 
preferred  by  the  authors.    Some  important  results  from  simulation  studies  in  California 
are  given  in  Table  1*   The  leases  in  Table  1  are  losses  essociated  vith  ground  shaking  and 
do  not  include  losses  associated  vith  ground  failure.    Losses  to  dNellings  from  ground 


Anonymous,  "Summary  and  Recommendations,"  iri  Studies  in  Seismioil^  snd  Xarthquake 
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^D.  C.  Friedman,  "Computer  Simulation  of  the  Earthquake  Hazard,"  Proc.  Conf.  on 
Geologic  Hazards  and  Public  Problems,  May  27-29,  1969,  U.S.  Govt.  Printing  Office,  153-181 
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shaking  tasve  been  sboim  to  be  far  aore  laportant  than  lossaa  fzon  ground  failura  in  tha 
San  Franclfloo  Bay  area^,  and  this  Is  ballevsd  to  be  true  throughout  California.  Other 
interesting  results  haw  also  besn  obtained  for  dMsXlings  in  California.    Figure  1  is  a 
■■ip  of  CaUfomla  with  ttw  state  saasshat  arbitrarily  divided  into  a  northern,  iilddle#  and 
souUisrn  portion.    Using  the  knosn  historioal  selamiolty  of  the  state  fron  1801  to  1967, 
average  dollar  losses  to  dwellings  in  nortiiem,  adddle,  snd  southern  Callfc»nla  vsxe  found 
to  be  in  the  ratio  of  1.00t0.19tl.2S.    the  distribution  of  dMsllings  units  taken  fron  the 
1960  mlted  States  Census  (updated  to  1967)  was  used  as  inventory.   Figure  1  alee  shorn 
seismic  risk  SOnes  in  California  as  definsd  by  Algennissen^.    Assuming  the  same  seismicity 
and  Inventory  as  alaove,  average  dollar  losses  per  dwalllng  in  seismic  risk  zone  3  (Figure 
1)  were  found  to  be  approximately  100  times  the  losses  per  dwelling  in  zone  2. 

Using  the  historical  earthquake  record  1801-1967  in  California  and  the  1967  distribu- 
tion of  dwellings  in  California,  dwelling  losses  as  a  function  of  earthquake  magnitxide  nay 
also  be  obtained.     Figure  2  shows  the  distribution  of  dwelling  loss  with  magnitude  in 
California^.     Note  that  because  of  tha  exponential  distribution  of  earthquakes  with  mag- 
nitude and  the  nature  of  the  damage  to  dwellings,  the  larger  earthquakes  in  California  do 
not  account  for  the  greatest  losses. 

One  inherent  weakness  of  all  known  simulation  studies  involves  the  need  to  egcurately 
knov  ^  aotual  Bonetary  loases  to  diwlllngs  as  a  function  of  eadt  intmalty*   this  loss 
infomation  staould  be  knoim  by  oonstruotlon  oonponent*,  by  age,  by  height,  and  by  local 
snrfioial  geologlo  (diaractaristlcs  Lf_  the  results  are  to  be  transferable  to  other  regions. 
It  is  also  necessary  to  carefully  define  loss  (personal  vs.  inpersonal,  building  vs. 
contsnt,  etc.)  and  value  (oaA  vs.  replacsMmt  for  older  buildings,  etc.).    It  would  be 
wrong  to  apply  loss  figures  dsrived  frosi  older  rotten  foundation  houses  to  nsw  earthquake 
resistive  ones,'  for  ananplo.    A  ^eelfis  Instanee  of  tiie  detail  required,  the  average  loss 
to  palntsd  gypamttoard  psrtitlons  for  mw^XZ  should  be  known  es  a  percentage  to  dwelling 
■srket  value  (or  other  value)  by  building  age,  height,  etc.    Vechniques  exist  to  answer 
these  kinds  of  questions,  but  all  teohniques  involve  varying  degrees  of  judgment  based  on 
appropriate  esperienoe  by  engineers,  architects,  contractors,  etc.    daviously,  tabulated 
aotual  loss  experience  data  would  be  better  than  value  judgments. 

Good  progress  in  simulation  studies,  then,  will  come  from  appropriately  gathered 
actual  loss  eiqperience  in  order  to  sypplenent  or  revise  ciurrent  judgnentally  determined 


S.  T.  Algermissen,  w.  A.  Rlnehart,  and  J.  C.  Stefp,  "Techniques  for  Seismic  SSoning: 
Economic  Considerations,"  Proc.  Intl.  Oonf.  on  Hicroeonatlon  for  8af«r  Oonstruetiott, 
Ssattle,  Hashington,  Vbl.  IZ,  943-956  (1973). 

^S.  T.  Algermissen,  "Seismic  Risk  Studies  in  the  United  States,"  Proc.  43,  Vtorld 
oonf.  on  Barthquske  Bng.,  Vbl.  1,  14>27  (1969). 

'Construction  component  is  defined  as  an  asseinbly  of  materials  within  a  dwelling  which 
is  readily  identifiable  and  has  a  recognisable  dmage  pattern.   Fainted  gypsun  on  interior 
wood  stud  partitions  Is  one  such  esanple. 
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nwnfgy  v«1im».  A  xwim  of  pMt  «nd  eomnt  lltiratiiM  bM  ■beim  praetlMOly  netliliig  of 
•Ub«t«ntial  v«iu»  b^pond  ttwt  eltad  in  tiM  s«f«r«iie«s  of  iML»  pnpor* 

POST-EVENT  ANALYSIS  I     SAN  FEiOiMIDO  1971  CASS  STUDY 

TlM  first  anjor  poot^MurtliqpMk*  stndr  which  rolatod  mnotaxy  loiaas  to  littonsity  wm 
oenduetod  aftur  tlM  1971  Saa  r«caaad»t  California  oarthquaka*   Tha  Pacific  Fiva  Rating 
Bureau  aurvajrad  tiia  danaga  to  approadaataly  12,000  aingla  fanily  mod  frana  dualliikgs 
looatad  in  tha  noat  haavily  ahakan  araaa.    Itaair  aurvay  form  idantifiad  ttia  Sollowiiig 
itMa,  anong  oth«rat 

Location  by  city  blccik. 

Agv  gzoivt    (a)  mea-lMO,  (b)  1940-49,  and  (c)  peat-1949. 
MuaibMr  of  atoriaa. 
Floor  eonatroetieii. 

Dagxaa  of  damaga  tot    (a)  fouadationat  (b)  wood  fraa»,  (c)  iAtarior  finidi  by 

typB  of  finiah,  (d)  axtarioK  fiaiah  fay  tgipa  of  finiah 
(including  veneer) ,  and  (a)  dkina^. 

Ground  disturbance,  if  any,  including  faulting. 
Improved  loss  data  for  input  to  simulation  studies  is  best  obtained  from  information 
carefully  gathered  shortly  after  ar.  earthquake.     When  these  loss  data  are  related  to 
intensity,  then  the  loss  relationships  may  be  applied  to  isoseismal  maps  of  other  earth- 
quakes or  directly  to  simulated  loss  studies.    Some  work  in  progress  is  worth  reviewing* 

Intanai^-Loaa  Oorrelationas 

rigura  3  la  an  iaoaalwwil  nap  of  tiha  noat  baavily  sfaakMi  dualling  araaa.   Aia  M(p 
una  baaad  on  a  litaral  reading  of  tha  definitions  of  tha  Madifiad  Morcalli  acale  vith 
raapaet  to  daalliaga.'  i!ba  faaaa  nap  for  Figure  2  (i.e. ,       wittiottt  iaoaeiaaal  liaea)  ia 
Figure  Id  fcon  reference  Bi  eadi  tract  indudea  a  nuHbar  of  cLtf  blodta  and  haa  boandariea 
aelaoted  to  enhance  ninpln  oonaiatanoy  (i.e.,  ainilar  valnaa,  ainilar'aga  of  conatruoticnf  ' 
etc.).    Three  different  irihratignal  intenaitiea  are  ahoimt   VZI,  VXZX,  end  ZX.  Addition^ 
ally,  aoaw  faulting  and  related  ground  bceafeage  araaa  are,  fay  definition,  mtanaity  X. 
HMiaver,  adjacent  to  and  ccaiingled  with  Zntenaity  X  araaa  are  vibrational  intansitiea  of 
VII,  VIII,  and  IX. 

In  Figure  3,  the  'average  dwelling  loss"  for  each  tract  may  be  intexpreted  as  an 

equivalent  of  an  average  intensity  for  that  tract.    This  suggests  correlating  Modified 
Mercalli  intensity  in  terms  of  percent  loss.     p.  crude  but  reasonable  correlation  based  on 
Figure  3  plus  extensive  personal  knowledge  of  the  area  is  as  follows: 
MM  VII:       2  percent  to  and  including  5  percent  dwelling  loss 
MM  VIII:     6  percent  to  and  including  10  percent  dwelling  loss 
MM  IX:       11  percent  and  greater  dwelling  loss 


\.  V.  stadnbrugge*  B.  B*  Scihadar,  B.  c«  Bigglaatone,  end  C.  A.  Waera,  "San  Fwnando 
Earthquake,  Fabroary  9,  1971,*  Faeifie  Fire  Rating  Bureau,  93  plua  wp  (1971). 
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fior  tbm  puxpoBM  of  this  pagmr,  this  oorrvlation  will  be  UMd  mm  m  tantatlw  relatlomhip 
iMtniMn  intansltv  mnd  dwlllng  loaa.    tbla  ocnmlation  !■  rratrlctad  to  vllir«tionBl  Oammgm, 
and  th«ir»£or«  mxelvAmm  ttm  9«ol09lc  cffocts  In  MH  VII-X  wms*    It  ri)oal4  b*  rwoegnlMd  that 
tbim  foregoing  relationship  betneen  dMelliag  loae  and  Intensity  1«  pextielly  Jnrlg—ntil  since 
thSEe  is  no  other  way  to  relate  the  subjective  wording  la  the  Hodlfied  Heroalli  definition 
to  nvMrical  loss  values,    in  any  event,  it  is  a  rational  correlation. 

A  possible  improvement  in  the  San  Fememdo  intensity- loss  correlations  is  to  re-exaaiae 
the  basic  data  for  the  12,000  dwellings  by  sub-dividing  the  tracts  into  smaller  units.  The 
iaoseismal  lines  may  vary  somewhat  but  the  correlations  are  expected  to  stand. 

The  loss-intensity  correlations  as  given  above  are  not  transferable  to  most  other 
oononunities.    They  are  only  transferable  to  eomunities  having  comparable  amounts  of  dwelling 
construction  as  to  story  height,  age  of  construction  finishes,  ate.    For  exainple,  the  dwell- 
ing age  distribution  in  the  San  Fernando  study  area  was: 
Pre-1940  5.3  percent 

1940-49  38.2  percent 

Post-1949        56.5  percent 
witii  94.2  percent  of  the  study  area  being  one  story,    ihs  itentieal  ground  Botion  striking  a 
ccwwmity  of  predoninately  older  two  story  dsellings  eoold  cause  nadh  larger  losses  thsn  those 
in  San  Fernando}  thus  ths  intensity-loss  oorrelations  for  Sen  FSmando  would  not  be  transfer- 
able to  the  other  coesnmi^  discussed  below. 

It,  hOMOverf  -Uw  dsnage  survsys  for  12,000  dwellings  were  sorted  (sub-elassed)  fay  age, 
height,  and  other  factors,  thsn  the  resulting  intwasity-loss  oorrelations  for  eadi  item  could 
he  tranaferable  to  aany  othar  ccnmities.    For  an  over-sinplifisd  sjcssple,  a  California 
ccoBuni^  consisting  of  SO  psrosnt  1940^49  ons>story  dwellings  plus  50  percent  one-story 
post- 1949  dwellings  (all  other  construction  features  identical)  would  have  computable  losses 
for  MM  VII,  VIII,  aufid  IX.    In  sunnary,  it  is  possible  to  synthesise  the  potential  dwelling 
loss  for  MM  VII,  VIII,  and  IX  for  any  community  if  the  nuinber  and  distribution  of  appropriate 
dwelling  aub-classas  are  known  and  if  loss-intensity  oorrelations  for  these  sub-classes  are 
kno%m. 

Damage  Factors: 

An  important  item  in  detailed  simulation  involving  insurance  deductibles  is  a  knowledge 
of  damage  distribution  among  "identical"  dwellings  or  among  "identical  construction  compo- 
nents" of  dwellings.    For  exanple,  in  a  tract  of  100  identical  homes  having  4  percent 
aiverage  dwelling  loss,  the  actual  loss  distribution  night  be: 

Under  1  percent  loss  40  bones  6  percent  -  10  percent  loss     5  honss 

1  psresnt  -  3  psrcent  loss  30  honss  11  percent  -  20  percent  loss  3  hosMS 
4  percent  -  5  percent  loss       20  hones         Over  20  percent  1ms  2  honss 

Assume  a  S-percent  insurance  deductible,  the  actual  loss  over  the  deductible  is  not  zero, 
i.e.,  the  average  loss  (4  percent)  minus  the  deductible  <S  percent).    Thus,  average 
values  osmot  be  used.   This  introduces  the  need  for  a  loss  distribution  function  which  in 
previoiis  studies  has  been  tamed  "danege  factm:*" 
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DMwg*  faeter  i*  MtintA  9»  tlM  xttio  of  th*  iwadMr  of  •tmetuvo*  hMtvlng  «  q^clf iod 
a«gM«  of  lo«a  fOK  «  givan  oonBtzuetiOD  coa<poin«fnt  to  ttis  maitiex  of  ■tructnziM  in  tho  tract 
uadar  atwlr.   For  tl»  1971  San  Famando  aarthq^akaf  tiia  daaaga  faotora  «Mra  ooqputad  and 
gxoqpad  according  to  intansitiaa  with  raaolta  aa  dwim  In  Mbla  2.    Thia  Infomatlon  la 
txaasfarabla  to  othar  oaamnltlaa  having  alnllax  oonatroction  oo^pooont  eharaetarlatlca. 

FBOSPBCT 

Whila  data 11 ad  aophlatlcated  studlas  on  aarthquaka  inauranoa  rata  lavala  and  affects 
of  InauxanM  dadoetiUaa  on  aggragata  loaaaa  nay  glv«  a  faaling  of  coafld«aoar  in  muv 
mya  thaaa  atudlaa  axa  no  faattar  than  tiialz  data  baaa.   JUqf  atndlaa  involving  tha  loaaaa 
ovar  tina  mat  ba  baaad  on*  or  ba  oonalatant  wlth«  loaaaa  ovar  tha  hlateric  record.  Xha 
use  of  Modlf  lad  Herealll  Intenaltiaa  and  thalr  reaultlng  laosaiaaal  mpa  baooMea  lnea«gabla 
In  zettoafpaetlve  Inauranoa  ainulatlon  loaa  studies  since*  for  better  or  mrsa*  these  are 
the  best  available  data. 

Subatantlally  improved  loaa  infccnatlon  frcai  tiia  1971  San  Fernando  aarthquaka  ploa 
that  axpaetad  to  ba  obtained  after  future  ataookat  la  aa^actad  to  graatly  inprova  1ii0 
quall^  of  tha  nwiarloal  output.    Coneurrantly*  ainOation  atudlaa  idioold  oontinua  to  ha 
oonduetad,  paxtleularly  with  the  vlaw  towaxda  ainpllfication.    FxafaabUlstlo  loaa  nodala 
ahould  alao  ba  developed  and  cogpared  with  loss  estlaiates  obtained  using  historical 
selaalclty  aa  input. 
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TABLB  1 

CALIFORNIA  EARTHQUAKE  LO!^s  s;;mMARY 
Loat  In  Dollar*  (i96&  bass) 
(nwm  lUbl*  S  of  Ratamet  9) 


Far  Oamand        Fir  DiMUtaf 
Ibtrt  t250  DeducUbla  Dwlllnar*  Ualt* 


San  Frar^clsco,  1906 

TotAi  aiiecced  axM      .  |1.156,370,424  $  863.129.283  |»16  $ 

NlnttoyAntGwMlM?  1,0U,»4,447  m.7«8,S46  992  «70 

Uiglneli.  1983  ^ 

TbttdlflMMdarM  S97.520.100  412.586.399  7S0  197 

100  Year  Petlod 

BaUMaMM  <.S39,698.400  3,76«,H2,200  385  1,216 

m^UfAnkOmmm^  2,328.105,900  1,137.^35.900  436  1.997 

LMAafriUiiidOrailiOmittiM  2.752.299.700  1.O9O.291.0O0  377  1.285 


^Dwellings  auaUtnlng  aome  damage  wera  uaed.   For  che  100  year  period,  dwelltnga  may  be  repeatedly  damaged, 

^All  dwelUnga  (damtgvd  and  undamaged)  within  the  geographical  area  considered  (or  the  IV  tfOMlamal  of  the  cactlM|tfilMh 

^Mtrta.  SoaoiM.  Nape.  Solano.  Sea  Franeloco.  Santa  Clan.  Centra  Cootn.  Alameda  and  San  Mateo  Countiea. 
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TABLE  2 

DAMAGE  FACTORS  POR  1971  SAM  FBKNANDO  BARIHQUMCB 
Ftom  8tetJitrtigf»<  et  «1  (1971)  dm  (reftr«M  •) 


DamsjB  Factor  (%)  Xor  MM  Iniensity 
Dtsreeof      flt  of  Dwenimit  H*T<a»Ctyaii  Pw  cf  Pi  wrt 


CoMttucttan  CoinDoncnt 

vn 

vrn 

IX 

VII'X 

Strnturd  fbtndaltea 

Kone 

ModcmM 
Saveie 

98.7% 

a«s 
a  4% 

9.4S 

i.iX 

0.4% 

ioao% 

6L  4% 
29.3% 
&0X 

3.  3^ 

loa  0% 

62.  8% 
9.0% 
47% 

S.  5% 

iOO.  0% 

Structural  frame 

Ncrne 
Sltsht 
ModerM 
Sever* 

94.0% 

5.  1% 
0.  55b 
0.4% 

loaoft 

67.6% 
25.6% 

4.  9% 

ioao% 

39.9% 
4S.  3% 

8.  7% 
6.  1% 

loaos 

72.  8% 
15.5% 
7.  1% 
4.  6% 

loaos 

Bxmlor  *-  tnieoo 

None 
Sligbt 
ModOTAM 
Severe 

26.3% 
72.6% 
LOS 

47S 
87.  SX 

S.1X 

Z9X 

lOkSS 

Sl4% 

31. 9S 
SS.7S 
9.  OS 

3.4% 

ioao% 

ioao% 

]oao% 

ioao% 

Exterior  --  wood 

None 
Slight 
Modertn 
Severe 

87.  1% 
8.7% 
3.7% 

36.2% 

4.  2% 

loaos 

35.7% 

37.  0% 
15.  6% 
11.7^ 

ioao% 

63.7% 
23.  3% 
7.8% 
5.2^ 

ioaos 

EzuriM"'  Other 

None 
Slight 
Moderatt 
Severe 

90.7% 
7.2% 
2.  IX 

71.5% 

11.2% 
7.  8% 

37. 1% 
21.  i>% 
11.6% 

83.  4% 

JO.  OS 

3.  Z% 
3.3S 

ioao% 

loaos 

loaos 

Cblmney  (1  chimney) 

None 

Slight 

Moderate 

Severe 

Tbtal 

84.9% 
5.  1% 
6.8% 

0.71 

loans 

58,5% 
2Z4% 

loaox 

29,  9% 
39.1% 

19. « 

3.1% 

ioao% 

13.  5S 
9.6£ 

S.IS 
joaoib 

•See  Steinbrugge.  et  al  (1971),  page  20,  for  summary  definitions 
(reference  6X  Field  inspectors  used  this  terminology  which,  to 
tun*  was  rivaled  lo  perecnt  loea. 
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71gure  1 .   -Seismic  rlsV  z^-i-:,    ir  California   (after  Ref  erence' 1) .     The  hstchurcd  area 
represents  zetM  2  and  th«  leojilndcr  of  the  acata,  zona  3.    Tha  haavy  black  line* 
divide  tha  ivM  narthtn.  sl441«,  mt  amitlMra  Ofliforala  m  iw«d  to  tkls 

report. 
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nfM«  2.--B»tSHilMi  MlOT  liMM*  to  voed  f raac  dwelUmgB  to  QtUfvnU       a  funetlM 
«f  Mxlma  n»«lfM  IStrealll  tatmslty  (I.)  and  cqtilvalnt  Mm  M|nltva«  (H)* 
■■tstorlcal  orthquaVe*  in  Calif oraia  Cor  the  p«rled  1801-1967  w«ra  usad  aa  tha 
mtctty  Input.    The  spaeial  diatritotiea  «f  dwalllnga  and  thair  chanctarlsdea 

■  Ma—ad  Maataaft  mt  cba  lf67  lawd  fmc  tlM  loaa  stouladfla  stady.  Waftmt  trtm 
llafaratws  4). 
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ftemntB  for  R«trof Ittln^  Highly  Bridges 


Anatole  Longlaov 
aad 

BrnMSt  Bargwim 
IIT  ■eaeftrch  lB8tltttC«»  Chicago,  Illtiiot« 

and 

James  D.  Cooper 
?«d*r«l  Htlnray  AdainlatratloD,  Hashlsgton,  D.C« 


ABSIBACI 

A  mthodelogf  for  doteraliilfig  irtwtbor  or  not  to  selsBleally  retrofit  an  esletlng 
bridge  Is  presented.    The  method  is  based  on  the  concept  o£  identifying  aad  comparing 
the  Importance  of  the  bridge  to  Its  structural  integrity.    Criticnllty  factors  which 
are  erpreaaed  In  terna  of  bridga  claaaif leatioa  and  ita  li^ortance  to  the  soclalt 
ttedieal,  economic,  and  security  needs  of  a  geographical  area  following  a  natural  di- 
saster are  developed.    Structural  factors,  which  eatimate  a  bridge's  ability  to  with- 
Btaad  aa  earthquake,  are  deteralaed  analytlealXy  or  by  inapeetion*   The  crltleality 
and  struetural  factors  are  cos|iared  Co  dstemine  if  s  bridge  warraata  retrofitting. 
The  method  is  deiaonstrated  by  exaiq>le. 


ICEYHORDS:    Earthquake;  Brldgaa;  Retrofit  decision 
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IKIRODUCTION 


A  bridge  is  a  vital  link  In  any  road  network.    If  a  disaster  occurs,  a  bridge  may 
be  destr<»yed  or  dAoaged  to  the  extent  that  It  cannot  austala  traffic  or  it  blocks  an 
lBtaKs«etlitg  road.   A  aathod  la  pr«auit«d  to  Idantliy  and  quantify  tb«  eritleallty*  or 
worth,  of  a  bridga  in  relation  to  tha  road,  tha  road  natworfc,  the  coamnlty,  and  tha 
oational  defense/securicy  system.    The  criticality  is  then  compared  co  the  capability 
of  the  atruetura  to  withatand  the  diaaatar  and  a  aetbod  la  eatabllahad  to  determine 
whathar  or  not  ratrof  it  ia  warrantad. 

Spacif ieally,  tha  north  of  a  bridge  can  ba  avaluatad  in  tariM  of: 

•  iAdfliatratlon/Trmiaportatlon  Syatea  Kffecta*   Tha  City,  County,  Stata,  and  Faderal 
highnray  organiaationa  elaaalfy  roada  and  atraata.   Tbaaa  elaaalf Icatiooa  are  baaad 
on  plana  which  ralata  tha  l«|>ortanea  of  tha  reads  and  etreeta  to  Cha  nomal  aaar- 

gency  traosportation  needs  of  the  conaunity  and  the  nation. 

•  Social/ Survival  Effects.    Social/survival  effects  involve  the  ability  of  the 
connuilty  to  seat  its  ahort  tara  eaargeacy  naeda  following  a  diaaatar*  Homally 
dia  aocial/aurvival  aff acta  ara  eomaidarad  ia  tha  adwiniatratioa/tranaportation 
ayaeen  plana  for  the  roada  and  atraata*   There  ara  inatancaa,  however,  in  whleh 
those  plana  have  been  dated  by  changes  within  or  near  the  community  (e.g.,  a 
subdiviaion  waa  addad,  a  hoapital  waa  built,  ate*),  or  tha  affect  on  tha 
eeaoHnity  waa  not  eoaaldared  in  tha  original  plan* 

•  Sacurity/Dafainaa  Bf facta*    Saeurlty/dnfanaa  af facta  conearn  tha  i^ortanea  of  tha 
bridge  in  regard  to  Ita  ability  to  wom  troops  and  equipownt  to,  and  within,  an 

area  to  maintain  law  and  order  or  to  meet  a  threat  to  the  security  of  the  area, 
region,  or  Nation* 

•  Economic/Peraoaal  Effects.    Following  a  disaster,  the  recovery  process  begins. 
Tha  aeoDowic/paraonal  aff  act  ralataa       coKunity  naad  for  tha  bridge  to  ratura 
to  ica  pradiaaatar  aodal  and  buainasa  atatua* 
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B»ch  vmaamm  of  worth  (a.s-  >  Soel*l/Sarvlv«I  Bf facte)  haa  Maaiucaa  of  af faetlvanaaa 

(e.g..  Medical  Support)  which  relate  to  the  need  for  the  bridge.    The  neasurea  of  effect 
tlveaess  can  be  grouped,  quentlfledt  or  qualified  Co  allow  an  engineer  to  make  a  relative 
aaa—aant  o£  Cha  worth  of  Cba  brldgn* 

Ibft  aaasuTM  of  worth  for  Mch  affect  can  be  tntarralatad  to  allow  overall  asaaaaneat 
of  the  need  for  the  bridge.    After  all  brldgaa  within  an  area  of  intereat  are  analysed, 

they  can  be  separated  into  two  categories:     1)  retrofit  Is  required  to  enable  the  bridge 
to  Mlthstand  the  earthquakei  or  2)  retrofit  Is  not  required  because  either  the  bridge 
can  withstand  Ch«  Mrth^MSke  or  th«  los«  of  Che  bridge  doss  not  justify  the  retrofit 
expense.    Since  highway  budgets  are  finite,  it  is  prebsble  that  sobs  additional  priority 
system  will  be  needed  to  rank  Che  bridges  in  Che  first  category.    The  ranking  can  be 
achiered  by  applying  a  cost^enafit  analysis  and  the  retrofit  budgst  can  than  be  allocated 
according  to  this  ranking.   A  discussion  of  thn  cost-b«n«f it  analysis  is  not  ineludsd  in 
this  report.    The  state-of-the-art  of  evaloacing  che  worth  of  the  bridge,  in  terns  of 
the  effects  Idendf led,  does  noc  allow  che  worCh  Co  be  graded  rigorously  enough  to  permit 
a  aeanlogful  eost^anaflt  aaalyala. 

It  is  noted  that  a  significant  anount  of  ressarcb  is  required  to  identify  and 
quantify  each  of  the  af facta  which  are  briefly  daaerlbed  above*    Therefore,  only  a  brief 
discussion  of  the  basic  nthodology,  the  elenenta  of  the  methodology,  preliminary  weight" 

Ing  of  crldcallcy  faccors,  and  saople  calculaclons  Co  illuscrace  Che  mechodology  are 
prasenced* 

METHODOLOGY 

The  procedure  for  assessing  the  worth  of  a  bridge  Is  described  In  this  section.  It 
represents  a  sequenclal  evaluaclon  of  worCh  by  considering  Che  ceaulclng  effeccs  caused 
by  the  loss  of  the  bridge* 
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Procedural  Flow  Diagram 


A  decision  diagram  for  evaluating  whether  or  not  a  bridge  warrants  retrofit  Is 
lllu«tK«t«d  in  Fl^re  1.    Each  block  or  dianond  in  the  procedural  £lov  diagram  ie  an 
alameiit;  tli«  tfotfc  alMMota  are  rectangular  and  the  deciaion  elenenta  are  dlanonda.  The 
■eaettrea  of  worth  are  evaluated  In  aeqaance  (Bleaente  1,  3,  5»  and  ?)•    The  output  of 
each  work  elenent  is  a  crlclcallty  factor  (CF),  rated  from  0  through  3,  which  relates 
the  worth  of  the  hridge  to  the  particular  meaavre  of  worth.    The  hl^er  the  crltlcality 
factor  the  wore  the  hridge  la  worth  to  that  particular  eleaent.   Aa  an  illuatrationt  the 
bridge  nay  be  evaluated  In  terms  of  Its  worth  to  the  social /survival  effects  (Element  3). 
A  cclticallcy  factor  o£  3  indicates  that  the  bridge  Is  critical  (e.g.*  it  is  the  only 
aaibalance  route);  a  factor  of  2  indlcatea  that  the  bridge  la  dealred;  a  factor  of  1 
Indicatee  that  it  la  convenient;  and  a  factor  of  0  indicatee  that  it  ie  eu^endable. 

Declalon  point*  (Blenenta  2»  4»  6«  and  10)  are  inaerted  between  work  eleneata* 
These  decision  points  act  ae  filters  to  reduce  the  effort  needed  to  wake  a  retrofit  deci- 
sion.   At  each  o£  the  first  three  decision  points  (Eleaeats  2,  4»  and  6),  a  crlticallty 
factor  ^  3  (Cl^3)  ladicatea  that  the  bridge  ie  of  sufficient  worth  to  werit  an  evnli^ 
ation.    If  a  crlticallty  factor  of  leaa  than  3  la  selectedt  the  evaluation  process  la 
continued  until  work  BlanaM  8  la  reached. 

In  work  Blenent  6,  the  highest  crlticallty  factor  of  the  four  oeeeuree  of  worth 
(Elements  1,  3,  5,  and  7)  Is  selected.    Similarly,  a  structural  factor  (SF)  Is  selected 
(Slenent  9}  which  relates  the  capability  of  the  bridge  to  survive  dsnge  f ron  the  dlaaater* 

the  sCrucCural  factors  are  graded  over  the  saoe  range  as  the  crlticallty  factor.  A 
structural  factor  of  3  Indicates  that  the  bridge  la  aound;  SE^2  Indlcatea  the  bridge  Is 
probably  aound;  SI^l  indlcatea  the  bridge  la  probably  unaound;  and  SI^O  indlcatea  that 

the  bridge  Is  unsouad. 

West,  the  crltlcalicy  end  structural  factors  are  conpared  (CP  -  SV).    If  the 

difference  is  less  than  or  equal  to  zero,  retrofit  of  the  bridge  Is  not  warranted. 
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1, 

EVALUATE  BRIDGE  WORTH 
SO  iffiiaHISTRATION/TRANSPORimOH 
SYSTEM  EFFECTS 


3. 

ByALPAIE  BKIDCE  UOSXB  10  SOCIAL/ 

flURviVAL  snscis 


EVALUATE  BRIDGE  WORTH  TO  ECONOMIC/ 
PEBflOniL  EFFECTS 

8. 

SELECT  THE  HIGHEST 
CRITICALITY  FACTOR 


RtlROilT 


FigBM  1    Bridge  BAtcofle  Hftrr«»t  Proc«doral  Flov  Dlagran 
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I£  Che  difference  Is  greater  Chan  or  equal  Co  1«  then  retrofit  Is  warranted.    Table  I 
list*  tlM  Mtcoflt  «teei»loii  •l«Miit««   Thl«  ubl*,  or  cIm  erltttrla  lilnstratMl  in  Flgur«  1, 
can  be  vmmd  am  the  basis  for  datomlnlns  iihother  or  not  s  brldfo  warrants  retrofit* 


Table  I 

unoFiT/Mo  utnoriT  dbcisioh  xulb 


Critirallty  Structural 
ra^LvT  Cur)           caccor  Cory 

l»r  -  or 

Subjective 
E  V  a  1  ud  t  loQ 

Retrofit 
Decision 

3  3 

Q 

vr xc icax/ aouna 

Ua 

MO 

%  9 
J  « 

1 
1 

vrxcxcsxr  rroDsoiy  eoum 

res 

3  1 

2 

crltlcal/ProDSDly  unaoana 

Tea 

3  0 

3 

Critical/ Unsound 

Tea 

Z  3 

1 

Desired/ Sound 

Ho 

z  z 

V 

DesuesfrroDBbAy  boimw 

MO 

4  1 

«  1 

1 

1 

Desired/Probably  Qnaoiind 

Tea 

2  0 

2 

Dee  ired/Uneound 

Yes 

1  3 

-2 

Convanlent/Soiiad 

Ho 

1  2 

-I 

Counrenlent/Frobably  Sound 

Ho 

1  1 

0 

Convenient/Probably  Unsound 

No 

1  0 

1 

Convenient/Unsound 

Yes 

0  3 

-3 

Expendable/Bound 

No 

0  2 

-2 

Ixpendsble/Frebably  Sound 

No 

0  1 

-1 

Expendable/Probably  Unsound 

No 

0  0 

0 

Expendable /Unsound 

No 

Scruccural 

riftctor  isn 

3  -  Sound 

2  •  Probably  Sound 
t  ■  Probably  Untoimd 

CciClcalicy 
Factor  (CF) 

3  -  Critical 

2  -  Oeslced 

1  "  Convenient 

0  •  Unaound  0  ■  Bxpendabia 
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jmavimixiOH/tKAiisponunoii  systeh  (ats)  stvbcis 


Highway  syatoM  «c«  grouped  intp  a  nuaber  of  different  elasslfieatloas  for 
adninlstTatlve,  plannlog,  and  design  purpoaos*    At  least  three  different  types  of  systens 
•xiat  wlkleh  affaet  tha  adalitlatKatioii  and  oparatloa  of  talghvaya*   Thaae  are  State-eottnty> 
local  adalniaeratlve  ayataoa*  conBaTClal-liiduatrlal'-raaldaatlal-reeraatlonal  ayataaa*  and 

the  Federal-Aid  System.  Hovever,  they  all  serve  to  develop  a  conflate  integrated  highway 
ayatCB. 

The  most  basic  classification  system  for  administration  purposes  groups  highways  and 
atreaca  late  tvo  Inroad  claaaeat   aiyataM  aerviag  rural  araaa  or  eomaetlng  urbaa  araaa* 
and  atraeta  or  hlgihiiaya  aervliis  orbaa  areaa* 

Tbe  rural  area  elaaalfieatlon  ayacea  eoatalna  follovlat  levals  of  road  claaaeet 

•  Ineeratata, 

.  Prioary  (excluding  lateratate), 

•  Secondary  roads  with  volume  greater  than  1,000  vehicles  per  day 

.  Secondary  roads  with  traffic  less  thn^  1,000  vahlclaa  par  dagr  (nay  be 
subdivided  into  500-1,000.  100-400,  under  100), 

•  Feeder  roada  (aa«a  aa  aacondary  roada  under  1*000) »  and 

•  Tertiary  roada* 

A  quantitatively  alallar  ayatan  for  urbaa  areaa  Includeai 

•  Expreaawaya, 
«  Arterlala* 

.  Collectors ,  and 

.  Local  roada  and  atreeta. 

Thu  cla»«i£lc«cloa  criteria  for  rural  loada  are  possibly  aore  sel£ -explauatory  Lliaa  the 

criteria  for  urban  atraeta*   labia  11  liata  the  aajor  function  of  aacb  type  of  urban 
road. 
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T«bl«  II 

DRBAll  BOADIttX  niHCIIOSS 


Espr«8sway  System  (Including 
frecfir«Qfs  and  paxtawys) 


Major  Artarlal  Syatm 


€oll«etor  Stcaat  Systan 


Local  Straat  Syatcna 


Provides  for  expedlcloua  noveBeat 
of  lacga  volonaa  of  Asough  eraffle 

between  areas  and  across  Che  city, 
and  not  Intended  to  provide  land- 
aecasa  aarvlea* 

Prevldaa  for  through  traffic 
movement  between  areas  and  across  the 
city  and  direct  access  to  adjoining 
propartyt  aubjaet  to  naeaaaaiy  eontral 
of  antraneaa*  axlta,  and  curb 


Provldas  for  traffic  novenent  batmen 
major  arterial  and  local  streets,  and 
direct  access  to  adjoining  property. 

Frovldea  for  direct  accaaa  to 
adjoining  land  and  for  local  traffic 


Tha  elasalf  leatlona  carry  with  than  a  aat  of  auggaatad  ulnlani  daaign  atandarda  which 
ara  In  keeping  with  the  laportanca  of  the  ayatan  and  ara  related  to  the  apecif  ie  traaa- 
porcatloB  servlees  the  system  is  to  perform.    Tha  fuaetiona  of  the  rural  road  ayataa 

halrarchy  are  essentially  similar  to  the  urban  road  system. 

It  is  likely  chat  exceptions  to  the  classificatioas  descrlDed  above  occasioaaliy 
will  occur  and  adjuatmanta  in  aaalgnad  valuee  eenld  be  nada.    Such  diff arancaa  era  aoat 
likely  to  be  the  reault  of  radically  altered  tranaportation  pattezna  which  have  rendered 
portiona  of  the  ayatea  obsolete  or  of  recent  denenda  which  outatrip  the  ehility  of  tha 

administrative  system  to  provide  an  adequate  roadway. 

More  specific  information  on  classification  criteria  may  be  found  In  reference  1. 

Critlcality  Pactora 

A  procedure  for  datanlnlng  the  criticality  factor  for  418  effecta  ia  outlined 

below. 
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1.   6«t  Federal-Aid  Higfaway  Map  of  region  o£  latsraat  fron  radaral 
Highway  Adminiatzmtloa  (IHli^  oz  ivom  Stata  Dapartaaat  of 
Iraaaportatioa* 

2*   Idmtify  tha  brldga  on  tha  aap* 

3*   Identify  the  road  or  aereet  laadlAg  to  and  froa  the  bridga. 

4.  Identify  the  road  or  screec  (if  any)  passing  under  Che  bridge. 

5.  Identify  the  classification  of  the  two  roado  or  atraeta  from 

the  legend  on  Che  map. 

6.  Select  a  critlcallty  factor  f ron  labia  III  baaad  on  the 
blghaac  of  tba  t«o  road  or  atraat  elaaalfieattona* 


Table  III 
GBITICALITT  FACTOKS  FOK  AXS  EFFECTS 


Cricicalicy 

Boad  or 

Street  Claaaifleatlon 

Factor  (CF> 

Kural 

Vrban 

3 

Intaratata  Bicpraaawaj 

2 

Prlnary 

Major  Arterial 

1 

Secondary 

Collector 

0 

Tertiary 

Local 

80CIAL/SDRTIVAL  (8/8)  EFFECTS 

Evaluation  of  the  aocial/aurvlval  affect  la  baaed  on  the  need  for  roadwaya  Inadlataly 
f olloirlag  a  dlaaatar*    It  la  poaalble  to  uae  roadwaya  with  degraded  lavela  of  perforveaoe 

as  long  as  continuous  routes  can  be  established.    VThen  evaluating  the  S/S  effects  on  a 
ayataa,  the  prlaary  requlalte  ahould  be  identifying  a  ayatea  which  can  facilitate  the 
OMrgenqr  eervlcee  lietad  In  Tabla  IT  aa  rapidly  aa  poaelbla* 

It  le  obvioVB  thet  ^a  avalnatioB  of  the  worth  of  a  bridge  in  eba  aoeial/a»rwivai 
related  context  la  con^tounded  by  the  nncertainty  of  vhera  the  dlaaater  vi^t  atrUta  and 
the  complexity  of  the  tranaport  natvoKk*   Bowever,  a  aubjactlve  approach  is  presented  for 
consideration* 
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Obtala  a  detailed  map  of  an  area  and  dsCermine  the  extent  to  which  the  locality  has 
dwlOftA  disaster  plana*  Brldgaa  of  Intaraat  can  ba  raadlly  Idantif led»  tha  population 
daaalty  aatlwtad*  tha  road  netwoxk  lllaatratadt  and  taportaat  aarvlca  fadlitlaa  (a.g., 
hoapltala,  fire  stations,  etc.)  Identified  on  the  nap*  After  the  loeal  departments  ln» 
volved  in  disaster  related  operations  are  interviewed,  a  disaster  scenario  can  be  devel- 
opad*  Tha  algnlf  Icanea  of  tha  tranapoct  natiioxfc»  partleolarlj  brldgaa,  can  ba 
aubjaetlvaly  aatabllahad  and  approprlata  crltleallty  factora  salaetad. 

Crltlcallty  Factora 

A  prpcadura  for  datonlBlng  tha  crltlcallty  factor  for  S/8  affacta  la  oatUnad  balow* 

!•   Gat  datallad  aap  of  araa. 

2*   Idantlfy  brldgaa  of  Istareat  on  tha  aap. 

3*    Identify  segment  of  community  or  area  which  would  be 
af factad  by  tha  dlaaatar* 

4*    Idantlfy  hospltala*  flra  atatlons»  pollca  atatlona* 
raaarvolra»  and  powar  atationa* 

5*    Identify  pref arrad  flra  and  pollca  routa  by  talaphona 
ealla  or  vlalta  to  tha  raapaetlve  dapartaanta. 

6.    Identify  alternate  routes  in  tha  avant  that  tha  brldga 
of  Intarsst  is  dsstroysd* 

7*    Idantlfy  ntlUtlaa  carrlad  by  brldga. 

8*    Salact  crltlcallty  aarvlca  from  Table  IT. 

9>    Record  the  associated  crltlcallty  factor. 
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Table  IV 

CRITICALm  FACTORS  F0&  S/S  EFFECTS 


Crltlcallty 

(Cf) 

(Subjective  Evaluation) 

Considered 

3 

Survival  Related 

•  Conunientidiia 

2 

Health  Related 

•  Energy 

1 

Gonfocc  Related 

•  Bvncuntloo 

0 

Insignificant 

•  Kedlcal  Support 

.  Food 

•  Hater 

•  Law  Bnf  orcenent 

•  fire  and  Disaster 

SEGOXITT/DBVraSB  (8/D)  EFFECTS 


The  1973  ?edftral-Ald  lighmy  Act  requires  that  a  revised  plan  for  defense  bigjiways 
be  developed  by  each  Individual  State.   The  plan  vlll  inelude*  as  a  ntnlwiw,  the  Interstate 

and  the  Federal-Aid  primary  routes,  although  some  routes  okay  be  deleted  if  this  is  con- 
sidered appropriate  by  the  State.    The  defense  hlgbuay  natuork  will  provide  connecting 
rotttea  to  laportant  nilltary  Installations,  industrlee*  and  resources  not  served  by  the 
prlaary  routes  and  will  include  locations  of  tiie  foUowinst 

•  Military  baaest  national  gmard  installations »  supply  d^ots»  etc. 

.  Hospitals,  medical  supply  centers,  emergency  depots,  etc* 

•  Major  airports 

.  Defense  industries  including  those  that  could  eaally  or' logically 

be  converted  to  such 

•  Reflneriea,  fuel  etorage  and  diatributlon  centere 

•  Major  railroad  tarvinals*  railheadSt  doefcs«  truck  teralnala 

•  Major  power  planta  including  Iqrdroalectrlc  centera  at  najor 
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•  Major  comBunlcatloDS  centers 

*  Other  facHiflpo  th-i^  thp  State  considers  Important  rftlatltlg 
to  oatiooai  deteose  or  natural  disaster  eraergeacles* 

Bridge*  mem  considered  a  part  of  the  Security/Defense  Road  Netvorli  data  bank  and 
can  be  claased  la  terms  o£  critical,  aoncrltlcali  nonbypassabl«»  and  bjrpasaabla,  In£or- 
natlon  on  tha  adsLolatratlon  and  oparatlon  of  this  data  bank  can  >a  found  in  raf aroDca  2» 

Criticallty  Factors 

A  procedura  for  detamlning  tba  erltlealitj  faetor  for  8/D  affaeta  la  ovttinad  balow* 

!•   Detandne  bridga  locatton, 
2.  Obtain: 

«  Road  Section  Ho. 

•  ttllea  froB  begtimlng  of  aactioo 
.  Bypass  Coda 

•  Average  Dally  Traffic 

.  CvlticaUty  (tbls  InforMtion  U  soMtlaos  availabla) 
3*    Vith  criticaUty  and  bypass  data  antac  Tabla  V. 
A*  -  Bacer4  erlticality  faetor. 

Tabla  V 

CBinCALITY  FACTORS  FOR  S/D  EFFECTS 


Criticallty 

Bridga  Criticallty/ 

Motor 

Altemata  Routo 

<CF> 

3 

Critical  Structura/Moabypassabla 

2 

Critical  Strocture/Bypassable 

1 

Honcritlcal  Structure/Nonbypaeaabla 

0 

Noncrltical  St  rue ture/Bypas sable 
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BOONOMIC/PERSOHAL  (E/P)  EFFECTS 


Th«  veasurc  of  worth  of  «  bridge,  during  the  raeovsry  period,  rclatu  cot    (1)  the 
anounc  of  traffic  which  normally  passes  over  the  bridge;  and  (2)  the  somewhat  rare  in- 
stances in  vblch  s  severed  brldige  Isolates  a  comunity  fron  Its  prlsttcy  souvce  of  business* 

Tb«  averags  amtual  daily  traffic,  MDl,  listed  la  Table  TI,  as  It  relates  to  the 
crltieality  factors,  is  In  general  agreenent  with  the  roed  or  street  clesslflcstions 

listed  In  Table  III.    Sone  adjdstnenc  can  be  nadc  by  the  Investlgacor  to  characterize  the 
importance  of  a  particular  bridge  within  the  environment  of  a  particular  conununlty.  For 
Instsnce,  the  AADT  over  a  bridge  in  a  raral  environnent  nay  be  significantly  below  the 
top  category  (AADT  >  80,000),  but  the  bridge,  ae  the  only  link  between  two  coanunitiee, 
may  have  a  higher  level  o£  importance  than  wouxd  be  indicated  by  the  AAiii  alone.  A 
weighting  factor,  then,  could  be  applied  to  the  AADT  which  provides  the  adjuataent.  It 
la  Inportant,  however,  to  naintain  eonalsteoey  when  applying  the  welgihtlng  factora  to 
each  bridge  In  the  geographical  area  of  Intereat  so  that  the  relative  i^ortanee  of  each 
bridge  is  characterized. 


A  procedure  for  detemlning  the  crltleallty  factor  la  outlined  below. 

1*   Identify  the  road  and  the  road  aection  <interssction,  town, 
ailapost,  etc*)  on  which  the  bridge  is  located* 

2*   Detemlne  the  estlaated  average  aanual  daily  traffic  over 
the  bridge* 

3*    Inter  Table  VI  at  the  appropriate  level  of  traffic* 

4.    Select  and  record  the  critlcality  factor. 


Criticality  Factors 


Vin-T3 


Table  VI 

CRITICALIIT  FACIORS  ID&  B/P  GF7ECIS 


Crltlcallcy  AVftragc  Annual  Da 1 :    Traffic*  (AJDX) 

Factor  Over  Bridge 

(CP) 


3 

80,000  - 

Vp 

2 

25,000  - 

79.999 

1 

5,000  - 

24,999 

0 

0  - 

4.999 

*AAiyi  Is  thtt  tot«l  jMrlj  volnoA  (nuabM  of  cars  passing  a  particular 
point)  dlvldad  by  tbe  nuaber  of  days  in  the  year* 


BARTHQUAKE  EFFECTS  ON  BRZIX^ES 

To  better  understand  seismic  effects  on  structures,  seismic  damage  to  bridge  abutments, 
piers,  girders  and  supports  has  besn  docomented*   Danage  typically  occurs  to  bridges  having 
the  following  inherent  weide  datsilst    1)  bearings,  2)  substructures,  snd  3)  foundations. 
Types  of  failure  most  often  observed  are:    tilting,  settling,  sliding,  cracking,  and 
overturning  of  substructures;  displacement,  cracking,  and  dislodging  of  girders  at  sup- 
ports; shearing  or  pulling  out  of  anchor  belta  and  crushing  of  concrete  at  smarts; 
crushing  of  ooaerete  colunnsi  pulling  out  of  reinforcing  bars  st  coluan  caps  or  footlngss 
and  aettlenent  of  approach  roads  and  slippage  of  wingwalls  troai  abutaents* 

k  study  entitled  "^SeisidLc  Retrofitting  of  Existing  Righvay  Bridges,"  reported  In  the 
Proceedings  of  the  Sixth  Joint  UJNR  Panel  Conference,  was  conducted  to  identify  aad  define 
through  structural  analyses  practical  techniques  and  criteria  for  retrofitting  existing 
bridges  to  iuersass  resistance  to  seisaic  forces,    Sinplif led  aathcaatleal  aodels  of  seven 

existing  highway  bridges  representing  predoninant  types  of  coastruetlon  were  used  for 

developing  general  retrofit  concepts*    Each  bridge  was  analyzed  for  dynamic  structural 
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rMpoiwc         subjected  to  m  aiulysls  eartbqiiAke.    Failure  aeehanlraa  which  correspoiid 
closely  to  observed  failure  mechanlsias  described  above  were  identified  for  each  of  Che 
brldsw,  tad  flvft  pr«llBlnacy  t«Mr«l  Mtreflt  coneeyt*  were  IdttntKM*  laelttdlag  the 
foltewtttgi 

1«    Superstructure  horizontal  nQtloD  reetrelnera  for  hlngMf  eipanvlon 
Joints*  bearlniSt  etc* 

2*   Bearing  reatralnera  -  vertical* 

3*    Bearing  eree  widening  teehniquea* 

4.  Column  or  pier  strengthening. 

5.  Foundation  etrengthening. 

Several  altematlvea  were  developed  for  each  conc^t* 

No  simple,  straightforward*  totally  reliable  method  exists  to  determine  the 
•ueeeptlbillty  of  a  bridge  to  daaage*   Tine*  location*  and  aagjiltttde  of  «a  Mrtbquike  can- 
not be  predicted*   Therefore*  nnthenetieal  analyeia  of  a  large  nuaber  of  bridges  In  e  geo-* 

graphical  region  becomes  ii^ractical  because  of  prohibitive  cost  and  excessive  tine. 

The  procedure  outlined  below  represents  an  initial  atteapt  to  quantify  a  stmctiirnl 
factor  (SF)  to  be  uaed  in  making  the  decision  on  whether  or  not  to  retrofit.    It  relie* 
heavily  on  eqgtiieering  judgMut  and  ie  based  aolely  on  observed  damage  caused  by  psst 
earthqualfiea*   Additional  thoughts  should  be  given  to  quantification  of  tike  structural 

factor. 


Structural  Factors 


The  procedure  for  deteninlng  the  structural  factor  isi 


1. 


Determine  the  structural  type* 


2. 


Examine  the  structure  for  kaowa  vulnerable  details* 


3. 


Eater  Table  VII. 


Selaet  and  record  tha  structural  factor* 
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Table  VII 

snujcnrm  factobs  foe  bcisiug  iudgbs 


structurml 

Factor  Bridge  Type  -  Details 

(SF) 


Sivply  eupporced  eingle  and  aultiple 
«p«n  bridtee  or 

Xeisforeed  concrete  alab  bcidgea  with 
two  hinges  or  hangars  In  any  one  span 

or  In  adjacent  spans. 


Coatinuone  epan  bridges  «itb  at  least 
one  binge  ot 

CMcrete  bridges  «iKb  eivsnsion  Joints 
en  one  or  both  sides  of  Imrsrted  T  caps. 


Slnply  supported  spans  with  continuous, 
conposite  slabs  or 

Long,  conciauoust  conposite  reinforced 
concrete  slab  bridgM  without  apansion 
Joints  in  adjacent  spans  having  a  hinge 
or 

One,  two,  or  three  span  bridges  with 
high  backfilled  or  bin  type  abutments* 


Single  span,  rigid  frane  bridges  or 

Continuous,  multiple  span  bridges 
without  eapansion  Joints. 


Ihe  State  o£  California  jrelles  aoleljr  on  recognition  of  bridge  type,  identified 
in  Table  VII,  to  deteralne  whether  or  not  retrofit  is  warranted*   Structures  having  a 
structural  factor  equal  to  0  or  1  are  considered  for  retrofit  «rttlle  tiioee  having  a 

structural  factor  equal  to  2  or  3  are  not  considered  for  retrofit. 
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Bvalu«t«  th«  two-span,  slnply  supportad  bcldg«  <m  U.S*  45  vnx  Dm  Plaiau  ftlv«r» 

near  Chicago,  Illiaois. 

Crltlcality  Factor  Basad  on  ATS  Effecta  (Element  1,  Figure  1) 

1.  A  map  of  the  area  containing  the  bridge  Indlcatea: 
•  U.S*  45  leads  to  and  from  the  bridge 

.  ThsM  Is  no  Tosd  or  otcset  passing  undar  tlis  brldgs 

.  The  road  crosslof  the  brldgs  Is  elssssd  ss  ^'■sjor 
arterial"  -  the  rosd  Is  a  four-lsiie  higbmy  in  an 

urban  area 

2.  From  Table  III  Lht;  criLictiiiLy  lacLor  is  2,   (Ci')  «  2. 

3«    From  Figure  1,  Eleaent  2,  Che  next  point  o£  evaluation  Is  Elsnsnt  3« 

Crltlcality  Factor  Based  on  S/S  Effecta  (Element  3,  Figure  1) 

I*    If  the  bridge  la  down,  the  connunltlea  of  Hickory  Bills  and  Justice 
would  bs  isolsted  froa  Hodgkins* 

2.  Altsrases  rontss  bstwssn  thoss  eoaMwnltlss  would  bs  ths  toll  road 
brldg«»  Wentworth  Avsans  Brldgs,  lonts  171  Bridgs*  «nd  ths  Harlan 
Avsnno  Bridge. 

3«    ths  roots  (V>8<  4S)  is  s  prefsrrsd  police  snd  firs  depsrtasnt  routs; 

however,  the  bridge  Is  not  critical  to  emergency  services . 

4«   Rospltala,  police,  and  fire  ssrviess  satist  on  both  sidss  of 

the  bridge. 

5.    The  bridge  is  considered  inslgnlCicanC  and  from  Table  IV  a 
crltlcality  fsctor  of  0  (CF  -  0)  Is  sslsctsd. 

6*    From  Figure  i.  Element  4,  the  next  point  of  evaluation  la 
BlsBSnt  5. 
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Crltlcallty  Factor  Based  on  S/D  Effects  (Element  5,  Figure  1} 

1,    FroB  the  Planttliig  Departaeiit  of  the  Illinole  Departaeae  of  Traiwporeatloo» 

Sprlngfieldt  Illlnola*  the  following  data  on  the  bridge  was  obtained* 

.  Road  Section  No.  [Kind  2,  desiguatlon  1,  No.  12]^ 
Itaa  679^ 

•  Mile*  tmm  bogtnnlag  of  ooeCloB  O^S 
.  Bypaa*  Coda  ^ 

•  Average  annual  daily  traf f le  44.300 
.  Critlcalltj  K 

2m   FroB  labia  T,  cba  cxltlcalitF  factor  ia  1  (aoncrlcical  atmecuira/ 
AoohypaaMhla)*  CF  -  1* 

3.   Fron  FlgiuTo  1,  BloMttt  6*  the  next  point  of  enraluatloa  1«  U«Miit  7* 

CcltlcaUty  Factor  Baaod  on  B/P  Effoets  (BUaaat  7,  Flguto  1) 

1.  Avarago  aanval  daily  traffic  over  bridge  ia  44,300  (f roa  Bogional  Stata 
DapartMDt  of  TranBportation»  Planning  Dopartaant)  • 

2.  Froa  Tabla  VI.  tha  erltleaUty  factor  ia  2,  (CP  -  2). 

3.  FcoB  Flfuca  1*  Eleaeat  ?■  tha  next  point  of  evaluation  ia  Elaaent  8* 


!•  Indieatan  type  of  road  (conforalty  to  Fodaral  eodo  not  yet  eoapl«ta4)> 
2*    Indieataa  tha  loeatlon  of  bridge  (Stata  ooda>* 

3*    Indicates  number  of  miles  of  bypasa  required  if  bridge  is  out* 
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talaetloB  of  Bl^«*t  Crltiem^  rk«k«r  (Bl«Miit  8,  Figure  l) 


Effect  Crltlcallty  Factor 
AIS  2 
8/8  0 
8/D  1 
B/P  2 


1.  The  highest  crltlcallty  factor  ie  2  (CF  -  2). 

2.  Select  structural  factor  (filemeat  9)*  Figure  1. 


8tractttral  factor  (8?)  BlaBent  9,  Figure  1 

•  FVos  Tabla  TZlt  tha  atmeCaral  factor  for  tba  brldgo  la  0 

(8F  >  0) •    Tha  hrldga  la  unaouad  la  tha  avant  of  an  aarthqoaka. 
(A  separate  aaalytlcal  atudy,  not  reported  herein,  conducted  for 
tha  btldia  vatlf  lad  that  tha  brldta  la  woouiid  In  Aa  avaat  eC 
a  atrong  aartb^vaka.) 

•  Wtm  Flpira  1»  tha  oaat  point  of  avaluatloB  la  Blaaant  10* 


Coiq^arison  o£  Highest  Crltlcallty  Factor  with 
StrueCtttal  Itetor  (Blaaaat  10 »  Flgusa  1) 


.CF-SF-2-0-2. 

.  From  figure  1,  the  fioal  point  in  the  process  is  Element  12. 
laaad  on  tha  foregoing  aathodology,  a  brldga  xatcoflt  la  nanantaia 


€L06III6  SXftXBMBIIT 

A  nm  pcoeadura  haa  baan  praaaatad  which  say  halp  adalalatratlona  dadda  which.  If 
any*  blghnay  brldgaa  altoatad  In  aalaaleaUy  aetlva  azaaa  ahould  ba  atmcturally  upgraded 
to  raaiat  futnro  aarthquaka  Indnead  daaaga«  Ihla  rapraaanta  tba  flxat  attaapt  to  Identify, 
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prior  to  the  occurrence  of  an  earthquake,  what  the  worth  or  loss  o£  a  bridge  means  to 
«  caMNmity*    It  la  raeogiilsAdt  howevftrt  Cli*t  Che  aethod  has  aliortcontiisa*  particularly 
when  uaad  to  avaluate  a  group  of  bridges  In  a  given  geographic  area*    Dndoubtedly,  funds 

will  not  be  available  to  upgrade  those  structures  which  warrant  retrofitting.    This  will 
require  further  analysis*  probably  a  yet-to-be-developed  cost-benefit  analysis.    Also*  a 
•traetural  factor  (SP)  which  la  haaed  on  currant  hrldga  Inapactlon  raporto  should  ba 
davalopod  and  Includad  In  the  aathodology.   And  finally*  the  weighting  of  crltlcallty 

factors  (CF;  should  be  exaained — perhaps  more  effects  than  the  four  discussed  should  be 
consldamda 

Although  the  aetbodology  waa  developed  specifically  for  the  purpose  of  identifying 
thoaa  axlatlng  brldgae  which  mmeaat  aalaadc  retrofitting*  It  can  be  nodlf led  and  used 
as  a  tool  to  Identify  those  eslBtlng  atmctures  vulnerable  to  danage  caused  by  other 

types  of  natural  disasters. 
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CRRntlGK  OH  IHB  BVlOaMTIOII  OF  8BISNXC  8KFBTX 
Of  mSTZMQ  SBXimilCBD  GOHCnRR  BOIXAIIIGS 
Klyoflhl  itakaao*  Maatty*  HixoMnn  and  Shin  Okaaoto 
Building  Wem&ttHi  Instltutfti  Ministry  of  Constxvietlan 

ABSTRACT 

TIm  oQtlloa  of  "Crltorlon  on  tho  Bvnlnntlon  of  Solnde  S»f«^  of  StlatSng  Rolnforood 
OonoMto  Bnlldlnga"  hr  tho  NlnlBtzy  of  OonBtzuotlon  1«  dlscuSMd  in  d«t*ll.   Hm  «v«l«*tlon 
Mtliod  oenslata  of  thro*  stap*  with  uao  of  ▼arieoa  aalanle  Indicas. 

ISYMOilDS:    Evaluation  method  of  seismic  safety?  non-structural  elements;  reinforced  con- 
crete buildings;  structural  elements;  seissalc  safety  index. 
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INmODDCTION 


1!hl«  vapoKfe  daaordlMB  the  outliiM  Cft  "Critarioii  on  <lie  Bvalttation  of  Selmlc  Safety 
of  Bxlstlag  iteinfoceea  Oonemto  Bolldtngs"  uliieh  was  conpiled  by  the  joint  ooonittee  chaired 
fay  Sr.  B.  nMBure*  Fvofaeaor  of  Vokyo  university^  with  the  coeedsBion  fey  the  Minietry  of 
Oonatrectiont  Japanese  GovernMot. 

The  buildings  which  this  criterion  covers  are  low-ond  nediun^rlse  reinforced  concrete 
buildings  constructed  by  ordinary  construction  methods,  and  items  for  evaluation  are  DOt 
only  super-structure  itself  but  also  non-structural  elements  such  as  exterior  finish 
elements.     Further,  these  evaluation  methodologies  consist  of  three  8teps#  frcsi  sijqple  first 
screening  to  complicated  third  screening. 

The  result  of  evaluation  is  expressed  by  the  continuous  numerical  values  but  the 
result  shall  l>e  judged  by  the  engineer  who  uses  this  criterion  considering  individual  and 
social  impacts  caused  by  presumed  damages. 

Moreover,  the  results  by  this  criterion  on  damaged  and  un-damaged  buildings  in  the 
Tokachi-oki  earthquake  (1968)  are  shown  as  a  reference  for  the  judgment. 

2.    THE  OOBffZtgVlCW  OT  IBB  BURBBSIS  IBRBX  BBPBBSENSXBG  SBIBNXC  SUtBIf 

2.1  Definition  of  Seismic  Index 

The  seismic  safety  of  a  building  is  represented  in  the  following  two  numerical  indexes 

and  the  larger  value  means  the  higher  seismic  safety. 

Seismic  index  of  Structure!  T 
—  —  s 

Seismic  Index  of  Non-Structural  Elements: 

2.2  Constitution  of  I  -Index 

I^-lndex  shall  be  calculated  J:^  Eq.  1  for  both  the  longitudinal  and  ridge  directionB 
at  each  floor  of  the  building  under  otMuideeatloa. 

Bbwevert  the.  folloelng  G-Indext  ^Indsx  and  S^^^Index  in  the  first  screening  are  the 
constants  to  a  particular  building  independent  of  the  floor  location  an&  direotion. 

=        X  G  X        X  T  (1) 

idierer 

B-  ■  Seismic  Sub  Index  of  Basic  Structural  Performance 
0 

G    =  Seismic  Sub  Index  of  Ground  Motion 
S^  =  Seismic  Sub  Index  of  Structural  Design 
T    =  Seismic  Sub  Index  of  Time-Depended  Deterioration 
2*9    Calculation  of  Seismic  Index  o£  Structure  1^ 

1)  General 

In  order  to  calculate  the  value  of  I^-Index,  any  one  of  the  first,  the  second  and  the 
ttiizd  evaluation  aathod  nay  be  used.    BamvtXf  the  value  of  Q-HaBmrn.  amy  be  taken  as  1.0 
for  all  eases. 

2)  The  Fi-xat  Evaluation  Method 

B^-Xndex  is  calculated  fzon  the  horiaontal  strength  of  a  building*  based  on  the  sun 
of  the  horiaontal  area  of  colanms  and  walls  and  on  their  assunsd  unit  strength. 
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Sj^-Index  Is  evaluated  based  on  the  results  of  tiie  elgbt  ehecHt  points  concerning  planning 
and  •eetien  of  tbe  building. 

V-Xndex  ia  evalttatedr  based  on  the  age  of  the  building  and  tbe  ohaerved  ceeulta  of  tte 
distortion  and  cracks  in  oolusns  and  walls. 

1}     The  Second  Bvnlnatlon  Method 

B^»Index  is  calanlated  frcn  the  ultinate  boriaontal  atrengthp  failure  nodea  and  duc- 
tility of  columns  and  walla  with  the  assnnption  of  infinitely  strong  floor  systen. 

8|^-Index  is  evaluated  based  on  the  results  of  calculated  horizontal  rigidity  distribution 
and  vertical  mass  and  rigidity  diatribution  in  addition  to  the  results  of  the  cheek  points 
in  the  first  evaluation  method. 

T-Index  is  evaluated  from  the  investigated  quantitative  results  on  structural  craok- 
ingsr  distortion,  changes  in  quality  and  deterioration  of  the  building. 

4)       The  Third  Evaluation  Method 

E^-Index  is  calculated  from  the  ultimate  horizontal  strength,  failure  modes  and  flexi- 
bility of  coluinns  and  walls,  based  on  failure  mechanism  of  frames  with  consideration  of 
strength  of  beams  and  overturning  of  walls. 

Sj^'taOmt  and  T-zndex  may  be  taken  as  tbe  aane  values  uaed  in  tiie  eeoond  enraluation* 

3.  DBEBMamriON  MD  ooNSTXTunaii  or  sBzsiac  sub  uidbx 
or  BMic  STKDCTOiax.  PtsaamuiKB, 

3.1  General 

E^-lndex  in  each  evaluation  method  is  expressed  as  function  of  sub-index  of  strength 
C  (bearing  capacity  of  the  building)  and  of  sub-index  of  ductility  F  (deformation  ability 
of  the  fanHdiag)  anS  so  on. 

3.2  fhm  First  BVttluatlen  Nethod 

1)  Bwaeral 

After  dividing  tiie  vertical  nanbers  of  tiie  fraota  into  the  following  three  categoriea, 
E^-lndex  is  calculated  based  on  the  slnply  calculated  values  of  C^index  and  F^index  as 
fbUowst 

a.  celivni    eoluan  with  elear  height  (h^)  equal  to  or  ahorter  than  the  deipth 

of  oduan  (D). 

b.  eaAceneXy  sbort  ooltani    column  with  1^  eqMal  to  or  ehorter  than  twice  D. 

o.    wall:    reinforced  concrete  wall  with  or  without  surrounding  fraaing  naalbars. 

2 )  Bg-index  of  buildings  without  the  extremely  short  oolunos 

Eg-lndex  of  buildings  without  the  extremely  short  colianas  nay  be  calculated  from 
Bq.  2, 

B«  -  ~1  (c   +  a,  •  C  )  x  F  (2) 
0     n+l    w      1      c  w 

where^ 

n  *  total  nuBdber  of  stories  of  the  building 

i  •  nusber  of  stories  of  the  floor  under  inspeotion  counted  fxoa  the  first  story 
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■  C-ind«x  of  Mllf  ealeulatttd  by  Eg.  6 

C_  "  C-lmtox  of  oolvmif  oalcnlatad  by  Bq.  7 

c 


Oj^  "  (Sub  of  tb»  latoral  Khoax  forces  boarod  by  oolums  in  tfao  di vlaoMwnt  at  tho 
ultlnate  Btrengtii  of  walls)/  (Sw  of  ttub  ultiaato  strangth  of  tlio  oolom^*  nay 
be  taken  ae  equal  to  0.7,  exoeipt  In  caae  of      -  0  nhete  9^  My  be  takm  a« 
equal  to  1.0. 
«  F-indax  of  nallei  aay  be  taken  as  equal  to  1.0* 

3)      Eg-index  of  buildings  with  extremely  short  columns 

Eq- index  of  buildings  with  extremely  short  columns  shall  be  equal  to  the  larger  of 
ttto  following  values  of  E^;       calculated  from  Eq.  2  neglecting  the  extrei&ely  short  coluans 
and  E„  calculated  by  Eq.  3. 

however,  in  case  that  the  extremely  short  columns  are  the  secondary  seismic  elements 
defined  below,  E^-index  shall  be  computed  by  Eq.  3.    The  structural  elements  whose  vertical 
loads  can  not  be  sustained  by  surrounding  structural  elements  such  as  beams,  w^Ijs,  and 
columns,  after  having  reached  to  their  maximun  capacity  under  lateral  seismic  loads,  are 
defined  as  the  secondary  seisnlc  elenents. 

»0  -  *  «2  •       *  «S  •  V  «  'wc  «3> 

where, 

C      "  C-index  of  extremely  short  columns,  calculated  by  Eq.  8. 

8C 

"  C-tndex  of  walls,  calculated  by  Eq.  6 

C      =  C-index  of  coluir.-.s  r.ot  including  extremely  short  columns,  calculated  by  Eq.  7. 
c 

a2    '  (Sua  of  the  lateral  shear  forces  beared  by  walls  in  the  displacenent  at  the 

ultiiaate  strength  of  extremely  short  columns) /(Sum  Of  tbe  ultimate  strength  of 
the  walls) ;  may  be  taken  as  0.7. 
•  (Sm  of  the  lateral  ^hear  foreea  beared  by  the  ordinary  eolonaa  in  the  dlaiilaee- 
aant  at  the  ultJaiate  strength  of  the  extxenely  short  oolUBns)/(SaB  of  the  ultlsMte 
etxength  of  the  ordinary  oolusns)}  nay  be  taken  as  O.S. 
"  F-indsK  of  extrenely  short  oolumsi  may  be  taken  as  0.8. 
3,3  Vhe  Seoond  Bvaluation  Method 
1) 


Vertical  structural  msrtbers,  that  is,  colmns  snd  walls*  are  classified  into  the  five 
fioHotfing  «ategories»   a)  fleimral  oolimns*  b)  flemnl  mills,  c)  shear  colosns,  d) 
walls,  and  e)  extremely  brittle  oolumne* 

These  classifications  are  made  by  CQogpering  the  load  catrrying  capaei^  of  each 
for  flexure  with  that  for  shear.    Shear  columns  may  be  classified  as  extremely  brittle 
oolunns,  provided  that  its  clear  height  is  less  than  twice  its  depth. 

The  ultimate  strength  of  each  member  subiected  to  flexure  and  shear  nay  be 

in  accordance  with  Eqs. (9)  to  (14)   in  Section  4.2. 

The  F-index  of  flexural  columns  and  flexural  walls  may  be  determined  by  Eqs.  (20)tO 
(23) .    The  F-index  of  the  other  members  is  fixed  to  the  following  valuest 
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F  ■  1.0  for  shaar  coIuhm  and  ahaar  walla 
F  "  0.8  for  axtxanely  brittle  ooluma 
Having  detaminad  tlie  F-valuaa  of  all  ooluana  and  walla,  th^  are  groqped  into  three 
or  leas,  and  then  C- Index  of  i  group  may  be  obtained  as  follows:         «  (Sum  of  the  ultimate 
strength  of  the  members  belonging  to  l-group)/rw  (=  total  weight  of  the  portion  above  the 
floor  under  Inspection) .    B^-index  will  thus  be  c^tained  in  accordance  with  the  following 
articles  2)  and  3) . 

2)       Eg-index  of  buildings  without  extremely  brittle  columns 

Ep-index  of  buildings  without  extremely  brittle  columns  may  be  determined  as  the  larger 
of  two  values  computed  by  Eq.  4  and  by  Eq.  5.     However,  in  the  case  that  the  shear  columns 
are  classified  as  the  secondary  seismic  elaaents,  E^-value  should  be  determined  by  Eq.  5. 


■  C'ladeic  of  the  aanibms  elaaelf  led  into  tlie  1st  gxo«(p>  have  relatively  low 

value  of  F^index 

"  C-lndex  of  the  aMabera  elaaalfied  into  the  2nd  gxen^,  which  have  a«dim  valne  of 
F-lndex 

Cj  ■  C- index  of  the  members  claaaified  into  the  3rd  group,  whioh  have  relatively  high 

value  of  F-lndex. 

=  F- index  of  1st  group,  taken  as  the  least  value  of  F-i»dexas  of  the  members 

classified  into  the  1st  group 
F^  "  F-index  of  the  2nd  group,  taken  as  the  least  value  of  the  F-lndexes  of  the  inembers 

clasBxfied  into  the  2nd  group 
Fj  •  F-index  of  the  3rd  group*  taken  as  the  least  value  of  the  F-indexes  of  the  members 

elaealfied  Into  tbm  3rd  group* 

«0  -  ^  «1  ♦  V2  *  V3»  «  'l 


■  (The  aiB  of  the  lateral  ahaar  foccea  beared  by  the  2ad  group  aeiiierat  correapcnd- 
Ing  to  the  diqplaowBsnt  at  the  ultisHite  etzength  of  the  let  greuP  ■eg4Mre)/(1ha 
auD  of  the  ultiauKte  etrengtih  of  the  2nd  group  aeribers)  i  nay  be  taken  as  the 
valuea  ahown  in  Table  1. 


■  (The  ane  of  the  lateral  shear  forcea  beared  bST  the  3rd  groiv  HBatMra*  corre^pond- 


Ing  to  the  dieplecaaent  at  the  oltinate  strength  of  f3am  1st  group  aMaib«ra)/<Tbe 
aum  of  the  ultimate  strength  of  the  3rd  group  Mafbera)  t  B»y  be  taken  «a  the 

values  shown  In  Table  1. 
3)      Eq- index  of  the  buildings  with  ftxtrewely  brittle  columns 

Eq- index  of  the  buildings  with  extremely  brittle  columns  should  be  the  highest  of  the 

following  three  values: 

a)  The  value  computed  by  Eq.  4,  neglecting  the  extremely  brittle  columns, 

b)  The  value  computed  by  Eq.  5,  neglecting  the  extremely  short  columns,  and 
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e)     Hm  valw  ooapttttd  by  Eq.  5  ooi»ld«riag  ttm  «ictz«B*ly  tfbort  Aolm  am  tht  first 
groQp. 

HbMwr*  nhm  tha  vxtrMMly  •tiort  ooXiimim  asa  th»  ••owadary  Minie  •laawnta*  ■^''^vmluM 
should  b«  oanputad  baaed  on  tho  condition  e). 
3.4   Tbm  Thixd  Bvalustion  Itetliod 

1)  qanwal 

Vba  lataral  Load  oazzying  capacity  and  failure  node  of  vertical  atnictiiral  neabera  maj 
be  datarBinad  f ren  oonedieration  of  the  flexure  or  tfieer  failure  of  beana  and  overturning 
eiqpacity  of  walla.   The  vertical  atmctutal  aiaoibera  are  tiian  calaaifled  into  tlie  fbUowiag 
eight  eategorieet   a)  flexural  oolwnaf  b)  flexural  Milla«  c)  «baar  eolunnSf  d)  abear  nalle* 
e)  eatrflMly  brittle  oolunns,  f )  bean  yield  type  colunns  (coIuhib  etaoee  lateral  load 
oartying  capaei^  depends  on  tbe  flaitural  yield  of  beaas) «  g}  bean  shear  failure  type 
ooluans  (coluans  of  irtildi  lateral  load  oarrylng  capacity  depends  on  the  lAsar  failure  of 
beans),  and  h)  overturning  type  walls  (walla  of  idtidt  lateral  load  carrying  capeeity 
dqpends  on  their  overturning  capacity). 

F- index  for  the  members  classified  into  a)  and  b)  may  be  determined  by  the  eqoettona 
shown  in  Section  5  and  for  others  the  F- index  may  be  fixed  to  the  following  values. 
F  =  1.0  for  shear  columns  and  walls 
F  =  0.8  for  extremely  short  columns 
F  =  3.0  for  beam  yield  type  columns 
F      1 . 5  for  beam  shear  failure  type  coluans 
F  =  2.0  for  overturning  type  walls 
2}      Grouping  of  vertical  structural  members  and  determination  of  EQ-index 
The  grouping  of  vertical  structural  members  in  accordance  with  their  F^lndex  and  the 
deterwination  of  B.-indaik  «ay  be  perfomed  aa  in  the  2nd  evaluation  nethod. 


4.1    First  Evaluation  Method 

The  C-index  for  the  Ist  evaluation  method  at  a  floor  may  be  determined  by  the  follow- 
ing equations  using  the  cross  sectional  areas  of  columns  and  walls  at  the  floor  and  the 
asaiMod  ultiBkate  strength  in  terns  of  naan  shear  stress » 


4. 
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where , 


C      =  C-index  of  walls 
w 

C     ~  C-lndex  of  columns 
o 

"  OindaK  of  •xtr— ly  steoct  oolv 
>  MMa  thMT  vtc***  of  mil*  «t  ttelr  str«ingtb«  with  •larxottndiag  cwltmw  «t  both 

Mda.    It  Bigr  IM  auuMd  as  rnqjaal  to  30  kg/at' 
*  l*""!*  aliMx  stTMs  of  mlla  at  thalr  atrangth*  with  eolunna  at  om  and.   zt  nay 

ba  aaauMd  m  aqnal  to  20  kg/cM^ 

T  ,  -  MMUk  ahaar  atvaaa  of  walla  at  tbalr  atvangtb*  wltbout  coluana.   it  wqr  ba 

2 

asauMd  aa  eq[UBl  to  10  kg/on 


T     ■  Naan  ahaar  atraaa  of  ooluma  at  thalx  atzangth*    It  nay  ba  aaauRMd  aa  aqnal  to 

2  2 
10  kg/ea  ,  axcapt  la  tba  eaaa  of  7  kg/ea  for  ooluana  «lwaa        ava  aqnal  to  or 

6.0. 


T    •  Maaa  Aaar  atraaa  of  axtroawly  Aort  eoliania  at  thair  atcangth.   It  aay  ba 

2 

assumed  as  equal  to  15  kg/cm 

A  .  ■  Sum  of  the  horizontal  sectional  area  of  walls,  with  surrounding  colusms  at  both 

2 

ends,  which  are  effective  in  the  direction  under  inspection  at  the  floor  (cm  ) 

A  «  "  Sun  of  the  horizontal  sectional  area  of  walls  with  surrounding  column  at  one 

"  2 

end,  which  are  effective  in  the  direction  under  inspection  at  the  floor  (cm  ) 

A     m  Sum  of  the  horizontal  sectional  area  of  walls  without  surrounding  colxmns,  which 

2 

are  effective  in  the  direction  under  inspection  at  the  floor  (cm  ) 
A_       Sum  o£  the  horizontal  sectional  area  of  coluztuis  at  the  floor  in  which  the 

2 

sectional  uea  of  colunns  included  in  A^^  and  A^^  shall  not  be  considered  (cm  ) 
«  Iha  auB  of  borlaontol  aaetlonal  azaa  of  axtsemely  short  ooluana  at  tba  flocn;  (cn^) 


2 

■  total  floor  area  abova  tha  floor  indar  inapeotion  (am  ) 
w    ■  Itotal  waigtat  (laeluaiag  daad  and  liva  load)  abova' tba  floor  ondar  laapactloa]/ 
SA, 

4.2    Second  Evaluation  Nathpd 

1)  Tha  atraagth  ladax*  G  for  tha  aacond  avaluatloa  aethod  ia  obtainad  turn  tba 
altiaato  atraagtli  of  tba  vartieal  atnetnral  uMitjai  a  based  on  tba  aaataptloa  of  tba 
iaflaitivaly  atif f  horiaantal  dlapbe«a. 

2)  tha  flaomral  atvaagtii  of  aaetion  of  tha  «aaibara»  nay  ba  ealcnlatad  freai  tba 
feUoMittg  aqnatloBa. 

a)    Sha  flaxural  atraagth  of  aaetion  of  rectangular  colonna*  aay  be  obtained 
Eq.  9 
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For  Nmax.  >N>0.4  bDF 


tt 

R>r  0.4 


M   -  {0.8       •  O.  •  D  +  0.12b  •  D    •  F  }( 


Nnax  -  N 


t  -y 

>ll>0 


C  'NMX  -  0.4bDF. 


For  q>lgpda. 


M„  -  0.8  a. 

tt  z 


'  O  *  0.4M  ■  D 


(9) 


N 


b 
D 


«  Ultinat*  strmgth  of  oolmt  uniax  axial 


raaslon  ■  b*D*r   *  a.*0  (kg) 
c  fly 


■  Dltlatata  atrangth  of  colowut  uadw  axial  taaaion  ■  "^g'^y 
»  Jtacial  load  of  oolwn  (kg) 

2 

•  Area  of  tension  reinforcement  of  ooluan  (cm  ) 

2 

>  Gross  area  of  longitudinal  relnforcenent  of  ooluan  (cm  ) 

=  width  of  column  (cm) 

=  Depth  of  column  (cm) 

2 

=  Yield  strength  of  reinforcement  (kg/cm  ) 


Compressive  strength  of  concrete  (kg/an  ) 


b) 


Tlie  ttltiaate  f  leacnral  strength  of  section  of  a  coliam  with  ving  walls  at  both 
aides  Bay  be  obtained  fron  Bq.  10 


For  N<{0.5  a    (0.9  +  P)  -  13p^}  b'D'F, 
™        e  t  e 


-  (0.9  +6)    ■  a.    •  a„  •  D  +  O.SH-D  {l  +  20  -  ^ 

e  t      y  tt^.B'D 


(10) 


-e'   -  0 

For  N>{0.5  a    10.9  +  Q)  -  1^^}  b*D'F  ,  H    may  be  calculated  also  by  £q.  10  supposing 
e  t  o  tt 

that  N  =  {0.5  a    (0.9  +       -  iJp>.;  b  D'F 
0  V  C 


«e  ■  *^Vb 

h      total  eectional  area 

ly  -  total  horizontal  length  aeasured  out-to-out  of  wing  wall 

S    -  (length  of  conypression  zone)/D 

ibe  othur  notations  are  the  sane  as  in  Eq.  9. 


o)  mtlaate  flexural  strength  of  walls  with 
be  oalottlated  by  Bq.  11 


ooltsuks  at  both 
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where r 

•a.  ■  ATM  of  longitodiMl  r«liiforo«Mnt  of  taailon  •Ida  eolvm 
*  2 

O    ■  Yield  strength  of  longitudinal  relnfoaroenant  of  tenBion  aide  of  oolum  (cm  } 
'  2 
«  Area  of  vortloal  ralnfoKcenent  of  wall  (cn  ) 

2 

"  Ylald  Btrangth  of  vextieal  zelnforoeBant  of  wall  (kg/cn  ) 
b    -  Midth  of  oe^cmaion  sida  oelwm  (cm) 


1^  ■  length  of  Mall,  maaaurad  oantav  to  oaatar  of  ooluan. 


3)  Tha  nltJjMta  abaar  atrangth  of  aaotion  of  waaibara  aa^  ba  dataxBinad  by  tina 
following  aq!aations 

a)     OtliMta  abaar  atrangth  of  aaotion  of  raetangular  oolama  aay  ba 
by  K«.  12. 

0. 053(p  °*     (180«  )  y  

^mx  -  ^  H/S-d  *  0,12      *  *  °-^«o> 

where, 

"  Tensile  reinforcenent  rario  (%) 

"  Shaar  rainforoanant  ratio.   Hhan      noaada  0*012,  p^  aboold  ba 
to  0,012. 


a     ■  Tlald  atrangth  of  ahaar  rainforoenant  <kg/aa  ) 
8  wy  2  2 

<r     >  Jteial  straaa  of  oolon  (feg/cai  ) .   Nhan  o   exaaad  00  kg/cn  «  a   ahould  ba 

o  ^  o  o 

takan  aa  aqnal  to  00  kg/cn 
d      *>  Bffactlva  depth  of  oolm,  •  (D-S)  cb 

H/D  •  May  ba  takan  aa  aqual  to  h^2«  whara,  h^  la  claar  balght  of  oolon. 

b)  The  ultimata  ahaar  atrangth  Of  aaotion  of  a  ooluan  with  wing  walls  My  ba 
ealculatad  by  kq.  13. 

Cbo  ■       ^  ^iT^  ^  *       ^«w  '  Siy  *      *  b-P   ^  *>'I>*0-1»' 

o 


where. 


p     "  Shear  reinforcenent  ratio  o£  column 

2 

er    *  Yiald  atrangth  of  ahaar  rainforcanaikt  of  colun  (kg/cn  ) 

Wjr 

p    •  Lataral  ralnftecanaat  ratio  of  wing  wall,  "  CLVt's 
a  2 
Nbora  1^  «  Saetlonal  area  of  a  pair  of  lateral  rainforoenant  of  wing  wall  (on  ) 
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I 


I  S  -  Spacing  of  l«t«r«l  gatoforo— »i>t»  («■} 


t  •  iM^pth  of  wing  nail 

2 

-  Yiold  stxiangth  of  latoral  rainfovoaBWit  of  wing  nsll  (kg/oB  ) 
H     *  Axial  faro*  of  eelmn  (kg) 

-  Cloar  d«pth  of  ooluna  <€■) 


e)  She  ttltlaata  shear  atrangth  of  section  nalla  with  suxxounding  ooIubm  at  both 
ends  May  be  obtained  by  Bg*  14. 


0.053p^°'"(180*» J 


«.«  -  <  W/(0-iy  ^  0.12       +  2.7  -^^-.e^  +  0.10^}  X  be-J 


(14) 


be     '  Sguivalent  depth  of  wall,  -  A/1  (cm) 

2 

A      *  Sun  of  sectional  area  of  wall  and  colunn  (cm  ) 
1       >  Bnd-to-end  dist£mcs  between  oolunna 

'te    °         ^  a^/(be-l)  (%) 

a^  "  Total  sectional  areas  of  axial  reinforcement  of  tension  side  column  (cm^) 
p._    =  Equivalent  lateral  reinforcement  ratio  of  wall,  =  a  /(be-s) 

2 

Hhere,  a    >  Sectional  areas  of  lateral  reinforcement  of  wall  (cm  ) 
w 

S    -  Spacing  of  lateral  reinforcements  (cm) 

2 

■  Yield  strength  of  above  reinforcement  (kg/cm  ) 

tf^     -  En/(be*l)  (kg/cm^) 
o 

Hhexe  Ch  representa  the  total  axial  force  anatainad  by  wall  and  eoluMW 
j      ■  May  be  taken  as  1^  or  0.8  x  1 


In  the  caae  of  walla  with  cpening»  the  altiaate  strength  of  section  neor  be  obtained  fcy 
anltlplying  the  followiag  reduction  faotora*  to  tlia  strength  obtained  br  14. 

T  "  1  -  (Bgiiivalent  opening  peripheral  ratio)  (15) 

wherer 

(Bqaivalent  opening  pericHeral  ratio)  -  of^openliig. 
h  •  Story  heit^t  * 

4)      Determination  of  the  failure  mechanism  and  lateral  strength  of  each  member. 

a)      In  the  case  of  columns,  lateral  strength  can  be  taken  as  the  smaller  one  out 
of  the  shear  force,  ^Qj^^  at  the  flexural  strength  of  section  obtained  by  Eq.  16  and  the 
ultimate  shear  force  obtained  by  Eqs.  12  and  13. 
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Determination  of  the  failure  inech£mism  amd  the  lateral  strength  of  a  ooluinn  at 
the  mechanism  can  be  performed  eis  follows. 


Mma  O.  <  Jl  the  nenber  is  da£in«d  as  flexural  ooliflukf  and  the  lateral 
Strength' of  the  ooluinn,  ^Q^  may  be  talcm  mm  ^0^^^^- 


cTlu     c  su 


the 


is  defined  as  shear  ooluanr  and  the  lateral  strength 


of  the  column,    Q   may  be  taken  as  Q 

c  u     '  c  su 


M  +  M  . 
c  uu     c  ub 


(16) 


N     ■  Ultimate  f  l«niral  strength  of  section  at  the  top  of  the  coluan 
c  uu 

■  Ultimte  f  lexural  strength  of  section  at  the  botton  of  the  oolwn 


■  Clear  height  of  oolum 


b)      In  case  of  walls,  the  shear  force  at  the  ultimate  flexural  strength  of  sec- 
tion of  a  mendber,    Q     may  be  obtained  by  Eq.  17.    l^en  the  failure  mechanism  and  the 
w  MU 

lateral  load  carrying  capacity  at  the  mechanism  nay  be  determined  as  follows  t 


When    Q„    <    Q     =  the  menber  is  defiend  as  flexural  wall,  and  the  lateral  strength 
w  Mu      w  su  ■ 


at  the  mechanism. 


be  taken  as 


When    Q..    ^    Q      =  the  member  is  defined  as  shear  wall,  and  the  lateral  strength 
w  Mu  =  w  su  ' 


at  the  mechanism,         may  be  taken  as 


•tt 


Mhere 


=  e  •     M  /hw 
*T*U  w  u 


(17) 


N 

w  u 

K 

9 


■  Ultimate  flexural  strength  Of  wall  at  the  floor  under  consideration 
»  Total  height  of  the  wall  measured  from  the  floor  under  consideration 
m  2  (When  the  top  portion  of  vertically  continuous  tmll  is  under 
consideraticm/  9  may  be  taXen  as  egual  to  1.0.) 


4.3    Third  Evaluation  Method 

1)  General 

The  lateral  load  carrying  capacity  of  each  vertical  structural  elements  may  be  obtain^ 
edf       based  on  the  following  three  failure  meehanisms  in  addition  to  the  mechanisms 
oonsidered  in  the  3nd  evaluation  metfaodi  a)  bean  yield  type  coluana,  b)  beam  sheer  type 
oelmts  and  c>  overturning  type  %i«ll8. 

2)  Plaacurel  end  abmax  strenqtti  of  beam  sections 

The  flexural  and  shear  strength  of  bean  sections  nay  be  computed  by  Eq.  10  end  xq.  11, 
respectively f  siibstitutinig  H  ■  O^or  0  ■  o  into  these  equations.   Here,  the  effect  of  tiie 
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x«lnfOKO«aMttt*  In  •l«b««  My  b*  oonsldterad  fev  tlw  oMpotatioB  of  ^  amical  ttMngtli  of 
bMMi.  Por  til*  ee«p«tatloa  of  th«  flmnral  •trength  of  bM*  sMitiau  tlw  folloiriiig  siaplo 
•quatioik  is  «l*o  afipllcablOf 

-  0.9  •       •  (18) 


ATM  of  tanailo  roinfoeGMBnt 
Yiold  «rtr«igth  of  t«n«il«  rolBfovoaMat 
Bf foetivo  dopth  of  a  bom  exoos-metloa 

Determination  of  tho  latoral  load  carrylMg  capacity  of  yrtical  — abero  and  tho 
failura  awdo  of  tha  awbMca. 

a)  Oolwia 

Colwna  ara  daaaifiad  into  tha  following  four  tirpaaf  flaxural  fallura  oolaak* 
ahaar  fallura  coluan,  baan  ylaLd  typa  oolunn  and  baan  Aaar  tgpa  oolwn.    Baaad  on  tiaa 
ttltiMta  atrangth  of  colwna  and  baanSf  tha  aaalHwi  and  wpaianta  of  all  ■>— Jaara  at  all 

nodal  points  ara  determined.    Ccmparing  tba  aua  Of  tha  and  moments  of  beams  with  tiiat 
of  ooltmns  at  each  nodal  point,  the  ultimate  moment  distribution  Of  columns  is 
determined  by  the  nodal  limit  analysis.    Considering  the  above  moment  dlstrlbation, 
the  ultinata  strength  of  tha  oolmr  ^S^q*  "V  ba  oooputad  by  Bq.  19. 

~  {Sum  of  ultianta  noawnt  eapaoity  at  top  and  bottom  anda  of  oolwn)/ (Clear 
height  of  eolunn}  (19) 

b>  Walla 

Halls  axe  Idaallaad  fey  cutting  off  fzoa  the  other  firaning  aMobara  at  tha  ald-apwi 
of  conneeting  beans.    Tha  lateral  load  carrying  eapaoity  of  the  idaallaad  iialla  nay  be 
taban  aa  the  least  of  the  three  following  lateral  loada  deteradned  under  inverae 
triangular  dlatribatlon  of  lateral  loadai  resultant  lateral  loada  acting  abova  tha 
floor  under  inapaction  (at  whlA  tha  walla  raadt  their  f lexnral  yield  atrangth) ,  ahaar 
atrangth  or  overturning  capacity.    Tha  failure  ande  of  walls  corresponds  to  the  neoh- 
anian  on  idilcto  the  deteminatlon  of  their  lateral  load  oarzying  capacity  la  baaed. 

5.    DBKBSMimTIOII  OP  SUB-IHDBX  OP  DDCTILITy  F 

5*1  General 

tba  sub-index  of  ductility  of  OMaliara  eaoapt  flexural  oolvma  and  flexural  walls  is 

fixed  to  the  constant  values  shown  in  Article  1)  of  3*4.  F-index  of  flexural  colums  and 

flexural  walls  may  be  determined  as  follows. 

5.2    Determination  of  F-index  of  Flexural  Columns  and  Flexural  Walls. 

a)      F-index  of  flexural  columns  may  be  obtained  by  equation  20f  based  on  the 
ductility  factor  of  the  colusuas  determined  by  Eq.  22  in  5.3. 
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'  "  0.75  Cl  +  0.5  m)' 

b)     F-lndex  of  flexural  wialls  is  obtained  by  Bq.  21  using  their  diear  strength, 

Q     and  fleanixal  strength,    Q  . 

an  '      w  u 

J^mJJL  i  -  P  -  1.0 

^  (21) 

when  1.3  <  ^Q^/^Q^  <  1.4  -  F  -  -12.0  +  10  x 

5.3    Determination  of  Ductility  Factor    y  of  Flexural  Columns. 

Ductility  factor  v  of  flncural  oolumns  nay  be  confuted  by  Eq.  22.    However,  F  should 
be  1.0  provided  that  any  one  of  the  oondltins  described  in  Bq.  23  are  corresponded. 

V  •      -       -  ^2  (22) 

here  1  <  W  ^  5 

Q 

Where,         10  (^^H.  .  x) 
c  u 

>  2.0  (fcj^  amy  be  sero  provided  that  shear  relnforcenent  spaaing  is  less  than 
elg^t  tixHM  the  dlaneter  of  longitudinal  relnf<»raenent.) 

T 

k,  -  30  (|-^  -  O.l)  >  0 

e 

Q     =  Shear  strength  of  coiiimn 
c  su 

^Q^    =  Lateral  strength  of  colunn 

c  u      c  u  ^ 

b       ■  width  of  column 

j       ■  Distance  between  compressive  resultant  forces  and  tensile  resultant  farces* 
-  ceapressive  strMgth  of  concrete 
Conditions  In  which  P  should  be  1.0» 

Ns/bDF^  >  0.4,  (N^  oorreapaods  to  aidal  forces  of  coluaans  at  their  failure  nechanism) 

T  /F    >  0.2 

"  (23) 
p    >  1%,  where  p    is  tensile  reinforcement  ratio. 

h^/D  4  2.0,  where  h^  Is  clear  height  o£  oolunns. 
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6.    8BI8ICZC  SUB- INDEX       SISDCIIDmL  PBOmBf  ^ 

6.1  General 

This  index  becomes  effective  only  in  combination  usage  with  E^-index  for  evaluating 
the  effect  of  the  structural  profile  and  the  distribution  of  mass  or  stiffness  for  the 
seismic  safety  of  buildings.     Though  only  one  value  of  S^-index  may  be  determined  for  m 
building  in  the  1st  screening,  S^^- index  should  be  determined  for  each  floor  and  each 
direction  in  2nd  screening. 

6.2  Judgment  items 

a)  For  the  1st  screening  the  followinq  items  may  be  examined. 

Items  concerning  plan  profile;   i)   irregularlity  of  plan,  ii)   length-width  ratio 
in  plan,  iii)  clearance  of  expansion  joints,  iv)  presence  of  open  hall  and  v)  other 
special  profiles  in  plan* 

Itaas  oonoamlng  ftlamition  profllei  vi)  pres«nc«  of  undargxound  atoriM,  vli)  tmi- 
fcmnlty  of  story  hsltflitrvlli)  pMssnce  of  pllUf  and  Ix)  other  apaclal  pcofilM  In 
section. 

b)  In  the  second  screening  the  fbllcwlng  itene  nay  be  eitaBlned  in  addition  to 
the  Itens  considered  In  the  1st  screaning. 

1}   Eceentrictty  of  tine  center  of  gravis  and  ^  center  of  rigidly  In  plan* 
11)   welf^t-stlffness  ratio  at  a  story  to  that  at  the  story  directly  above* 

6.3  Detemlnatlon  of  Sj^-lndex 

The  influence  factor*      which  r^zosents  the  degree  of  influence  of  each  judgnsnt  Itsai 
■qr  be  oonputad  uelng  the  grading  factor*  6^*  nhich  vazlee  1.0  to  0.8  in  aocerdanoe  with 
the  situations  of  each  itaai  and  the  adjusting  factor  for  the  range  of  the  iaf Ineaoe  of  eadh 
its.,  R^.   Then*  the  S^-lnde«  la  cbtained  bsr  the  .ntual  nnltlpUoation  of      as  ahoim  in 
Bq.  24. 

S  ■  *^1  *  S  *  •  •  •  ^n 

(24) 

-  1  -  (1  -  C^)  X 

7.     SEISMIC  SUB- INDEX  OF  TIME  OEPEHDED  OBTERIORATION 

7.1  Gsneral 

This  index  aiiia  to  evaluate  the  effect  of  the  atruotural  defects*  snob  as  cracka* 
excessive  deflecticnSfSaperannuations*  and  so  on  for  the  selnle  safe^  of  the  faulldlnga. 
Only  alngle  value  for  a  building  l*  a«t«nBliMd  in  boUt  the  let  and  3nd  evaluation  nethods* 
respectively. 

7.2  First  Evaluation  Method 

T- index  for  the  1st  evaluation  aethod  nay  be  taken  as  the  minimum  value  of  reduction 
factors  determined  by  checking  the  prepared  questionnaire  in  accordance  with  the  degree 
of  the  structural  defects  as  cracks*  deflections *at«erannuatlona*  and  so  on  observed  in 
structural  moDibers. 
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7.3    Second  Evaluation  Method 

T- index  for  the  2nd  evaluation  method  may  be  calculated  hy  iJq.  25,  where  p^^  and  p^^  ii 
Eq.  25  are  the  sum  of  the  demerit  points  concerning  about  structural  cracks  and  deflection, 
and  daterioratlon  and  st^ttranimations,  r««pactiv«Iy.    Vbmm  d«a«rit  points  ax*  obtainad  by 
chacklng  tba  prepared  <3ueBtloiiiiiBlr«  «t  MOh  ttoxy  and  T-fMtor  is  takan  aa  tlia  avaraiga  of 
detanaiaad  mt  1-story. 

T  •  {T,  +  T,  +  .  .  ,  +  T  >/H 

1.       *  n 

(25) 

-  (1  -  P^i) (I  -  P^^) 

whsrSf 

-  T^indax  of  i-stoty 
K     ■  NuntMr  of  stoclas  eKaminad 

p^^  ■  Hie  SUB  of  tbs  damvit  points  at  l-story  coneeming  about  stniotural  eraOks 
and  deflactions. 

p^^  ■  The  sum  of  tha  danarit  pointo  at  i-atocy  oonoaming  alwttt  dstsrloratlon  and 
superannuation . 


Zn  ths  thixd  avaluation  nathodf  tli*  sana  valua  of  T-indax  aa  tha  valua  datMnninad  in 
tba  saoond  evalnation  netiiod  nay  !»  osad. 

8.     SEISMIC  INDEX  OF  NON-STRUCTURAL  ELEMENTS, 

9>1  Ganaral 

This  ladax  sins  to  avaluata  tha  dmgacousnass  in  ssrthquskss  csussd  hg  tha  eoUapaa 

or  tha  fall  of  nmk-stmetMral  alaMsnts  sucih  aa  tha  finish  of  axtarior  walla.    For  thia 

index*  scraaning  awthods  fxon  1st  to  3cd  are  also  applied.    Ig-index  is  detazninad  for 

avary  nail  surface  In  avery  story. 

8.2    Outline  of  Determination  of  T  -index 

N 

The  constitution  of  the  sub-indexes  used  for  determination  of  I^^-index  is  shown  on 

the  following  page. 

The  values  of  sub- indexes,  g_,  q„,  g„,  g  ,  e  and  c  are  given  in  tables.  Sub-xndex 

S        N       N  y 

f  and  t  ara  given  aa  natrlx  of  g^  and  g^^  and  of  g^  and  g^,  respectively.    Tha  other 
sub-indaxes  are  calculated  by  given  equations, 
flhus  tha  I„-lndax  nay  ha  ooapatad  hy  Bq.  26. 

B  /    ■'      >  e.    ^  H 

IB  W  H  L,          Cf*a-«-t)  .  (0.5  .           •  (Ea-eiL^ 
 ^^"^  '  " 


VIII-36 


Digitized  by  Google 


r 


Sub-index  of  struetttMl 
type  (B) 


SelsBie  iadttX 
of  noa-atnietuzial  ' 
elMMatst  I]f 


r  Sub  index  of 
flexiUlity  (f ) 


Grade  of  flexibility 
of  straeturw  (c,) 


Grade  of  flexibility 
of  non-structural 


.  elements  {g^ 


^  Sub-index  of  the  actual  condition  (t) 

Grade  of  the  trouble  hystory  of 
non-structural  elements  (g^) 

Grade  of  yean  paaaed  (gj^) 


Sub-index  of  mil 
surface  area  (v) 

(Ler.^h  of  vail;  Li,  height  0fllW.ll  111 
standard  story  hei^t;  he) 


Sub-index  of  degree 
of  influence  (h; 

Sub-iadez  of  enTiroiuiteiits  (e) 


Sub-index  of  the  arrest  of  falls  (c) 


9.    SIVBEML  FBATDBES  CV  CSlTBftZCIt 

9.1  Adoption  of  Soinlo  Index  of  MoR-struetUEal  BlOMnte 

fh«  raianie  safety  of  bulldlnigs  ahould  be  egeained  not  only  f ran  «  viewpoint  of  tha 
safe^  of  atructural  elements  from  collapse,  but  also  fn»  the  vie%fpoint  of  the  safety 
of  non- structural  elements  such  as  finishing  materials  of  exterior  walls  directly  facing 
to  streets  from  their  fall.    Because  the  reinforced  concrete  buildings  in  lapan  have 
relatively  large  lateral  strengths,  the  structures  themselves  seldom  fall  instantaneously 
even  under  the  strong  eeurthquake  motions.    Actually,  the  experience  of  past  earthqueJce 
damages  indicates  that  most  buildings  survived  from  catastrophic  destructions.    Even  in 
the  cases  of  buildings  which  were  unfortunately  destroyed  euid  fell,  the  residents  of  the 
buildings  had  enought  tints  to  escape  frooi  the  buildings. 

4!harafoKef  it  bnooBaa  lapoxtant  to  pcotect  peopia  fyon  injury  dVM  to  the  fall  of  the 
nan-struotiiral  aleMnts  anioh  ae  finlaihlnig  naterlale  of  eatterior  walle* 

fhough  thece  is  not  sufficient  exporiiNntal  and  ei^l^ieal  InfuEflatioa  oonoemlng  tho 
perfoEnanee  of  nonr-Btruetiiral  eleMmtB  under  eartiiqpMke  loadSf  the  safety  evaluation  of 
non-stcuet»ral  elenents  by  Zj^-ladex  is  atteqpted  la  this  criterion  taking  into  aooount  tbs 
xslatlve  flencibllltv  of  struotnre  Itself  and  non-structual  elenents. 
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9.2  Mojptlofi  Of  ScMttning  Mthod 

Hhe  stxuetural  safety  avaluation  ooosltend  in  this  criterion  consiats  of  a  seq^enc•  of 
att^pa  fn»  lat  to  3rd  evaluation.    This  procedure  is  repeated  in  successive  cycles,  the 
aaauBptiona  and  details  of  the  calculations  being  refined  in  each  auccessive  cycle  when  nec- 
eaaiury  for  a  reliable  estimate  of  structural  performance.    The  repetitive  procedure  is  called 
"Screening,"  and  is  believed  to  be  the  fastest  and  the  most  practical  method  for  reasonably 
evaluating  the  structural  adequacy  of  a  large  number  of  buildings  subjected  to  strong  earth- 
quake motions. 

9.3  Evaluation  and  Judgment  of  Seismic  Safety 

The  evaluation  of  the  seismic  safety  in  a  broad  sense  is  taken  more  precisely  in  the 

following  senses: 

1)  Evaluation  of  seismic  safety;  to  e:^ress  the  seismic  safety  of  structures  with  con- 
^iltuooa  quantity  aucb  aa  aei«wie  index  proposed  in  this  criterion. 

2)  Jodgnant  of  aeianle  safa^}  to  judge  the  adeqiiacy  of  buildinga  fox  aeiaDdo  aafety 
taking  into  aooount  varloua  oonditionB  such  as  their  user  their  iocNnrtanee  and  their  agOf 
baead  on  tiia  aeiasde  index  obtained  fay  the  evaluation  seiamic  aafe^. 

Thia  criterion  aina  to  ewaloate  the  aeianic  safe^  as  defined  above  and  the  judgnHit 
is  left  to  the  engineers  who  use  this  critericm. 

Ibe  results  hy  this  criterion  SEPiiad  on  danaged  and  un^danaged  buildings  in  the 
fokadiioki  earthquake  of  1968  are  ausHariaed  in  the  appandix  of  thia  criterion.  Iheae 
results  will  be  helpful  in  perforalng  the  ludgniant  of  the  seissdc  safety. 

9.4  Moption  of  Seianie  8vi>-indexe8r  8^,  T  and  6  to  Seisnio  Tadaoi,  1^ 

Seisnic  sub^indsxesi  S^^  and  T  which  ripressnt  the  quality  of  structural  design  and  tiaia 
depended  deterioration,  respectively,  are  taken  into  account  in  this  criterion  as  the  sub- 
iademe  of  synthesis  index  representing  seismic  safety,  Ig,  in  addition  to  the  seismic  sub- 
index  of  basic  structural  performance        which  is  related  to  the  lateral  load  carrying  ca- 
pacity and  the  deformation     a;  acity  of  structures.     In  this  criterion,   the  quantitative  eval- 
uation of  such  sub-indexes  are  attempted  using  a  check  list  system.    Moreover,  the  sesimic 
sxib- index  representing  the  intensity  of  input  ground  motions  to  the  base  of  a  building,  which 
depends  on  the  seismicity  of  its  location  and  on  the  relationship  between  its  dynamic  char- 
acteristics and  the  type  of  soil,  is  defined  as  G  in  this  criterion.    The  standard  value  of 
laiia  atib-indsK  ia  taken  aa  equal  to  1.0  and  decreaaing  value  with  increaae  of  the  earth- 
quake danger  in  Hhm  location  is  assunsd.   Bowsver,  G-index  is  fixed  to  1.0  in  thia  criterion 
becauae  of  the  difficulty  of  the  evaluation  of  the  earthquake  danger  at  present. 
9*5  Gonaideratico  of  Seisnic  Sub-index  of  Snetili^*  F  to  Seisaic  Sub-index  of  Baaic 

Struetoral  Ferforvancef  E^. 

In  the  basic  sub>index  representing  the  earthquake  resistant  ability  of  struotures, 
not  only  atrength  but  alao  defomation  oapaoi^  are  oonaidered  aa  followa. 

1)    Critical  conditions  defined  by  the  failure  of  brittle  OMsters. 

Ae  latue^al  load  carrying  capacity  of  a  building  depends  en  tiie  failure  of  brittle 
structural  aaribera,  provided  thatHie  building  eoosista  of  atruetural  wibirs  witlk  varieua 
defcraation  capacity,  and,  therefore,  is  not  always  the  sum  of  the  ultimate  lateral  strength 
of  every  atruetural  mesiber.    In  general,  critical  dlsplacanents  at  the  ultinate  atrength 
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of  brittltt  stxuptnral.  BBabers  are  amuLl  bftoanstt  of  thoir  high  stiffnaaftr  and  tfattn  th* 
duotil*  nwnlMTS  ulilch  hkv  rslAtivaly  low  stlf fhsas  sLgbb  not  zmch  tlMlx  ultinato  mtrmagVti 
at  the  critical  41splac«n«iit8. 

Hoxmvar,  tlw  brittle  wawibere  ehow  slgnlfleaat  Mdiietloci  of  load  caxiying  capacity 
after  they  reach  their  ultlnate  strength. 

Therefore^  tlie  failure  of  brittle  structural  SMribsrs  bsooass  one  of  critical  conditions 
for  evaluating  the  seisaic  perfonance  of  buildings.    In  this  oriterion,  sudi  critical 
conditions  are  ei^ressed  in  Bqs.  2,  3  and  5.    In  thsse  equationsr  a  ansns  one  of  the 
reduction  factors  of  ths  strength  for  ductile  meBbsrs  considering  the  CQspatibility  of  the 
displacaawnt  at  the  failure  of  brittle  nenters.    fhs  value  of  o  iriiich  is  ta3csn  as  0.5  to 
0.7  in  thaae  equations  is  detemined  SBplrloallyf  based  on  nany  test  raaulte  on  idie  yield 
displaoemsnte . 

On  the  other  hand,  the  failure  of  brittle  midbsrs  OSUSSS  often  the  local  collapse 
of  buildings  because  they  become  ineffective  in  sustaining  vertical  loads.    Therefore,  in 
this  criterion,  the  failure  of  brittle  SMnebrs  if;  considered  to  be  one  of  the  critical 
conditions  on  the  safety  of  buildings  even  if  the  lateral  load  carrying  capacity  of  the 
buildings  as  a  whole  is  not  affected  by  it.    Such  a  critical  condition  is  considered  in 
Bq.  3  or  5. 

2)      Critical  condition  of  buildings  consisted  of  the  structural  members  which  have 
various  deformation  capacity. 

It  is  not  always  easy  to  evaluate  the  seismic  safety  of  the  buildings  consisted  of 
the  structural  members  which  have  various  deformation  capacities.     In  the  case  of  a  building 
consisted  of  structural  members  which  have  nearly  the  same  deformation  capacities,  it  is 
possible  to  evaluate  its  earthquake  resistance r  based  on  tiie  assun^tion  of  the  equal  energy 
ooncspt  proposed  by  Blws,  et  al.,  which  iiipliss  that  tiie  potttitial  energy  stored  by  the 
elastic  systsn  at  ■aximiBi  dsflection  is  the  ssan  as  tiiat  stored  by  the  elasto-plaatic 
systsm  at  waxiwuw  deflsctien.    in  the  case  of  a  building  consisted  of «  for  esanplef  sosis 
brittle  shsar  walls  and  ductile  coluniis»  its  seisnic  resistance  abilitiy  changes  with  change 
of  the  ratio  of  the  load  carrying  capacity  of  walls  to  that  of  oolmns  or  change  of 
deforwation  ci^acity  of  framing  sMfbers.   For  evaluating  the  seismic  safety  of  sudi  typ^ 
of  structures  r  Bq.  4  is  pcppossd*  bassd  on  nrnny  non-linear  dynsmie  analyses  of  conbined 
structures  of  brittle  shear  walls  and  ductile  frames  se^ponding  to  ground  motions  recorded 
during  sevsrs  earthqpiskes. 

3}     Relation  betwsan  rsquired  ductility  factor  of  non-linear  systsm  and  seismic 
aub- index,  F. 

Non-linear  dynamic  analyses  of  structures  responding  to  earthquake  motions  have  shown 

that  the  required  ductility  factor  of  the  elasto-plastic  systems  whose  yield  shear  factor 
is  Cy  may  be  estimated  from  the  elastic  spectral  response  acceleration,  C^.     Blume,  et  al., 
for  exan^sle,  have  shown  that  the  required  ductility  factor  of  reinforced  concrete  Structures 
is  given  by  the  following  equation 
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c^Cy  -  /2  y  -  1 


where, 

■  Yield  shear  factor  of  elaato-plastlc  system. 
*  Spectral  response  acceleration  of  elastic  system, 
p   ■  9aqt)lrttd  duotili^  factor  of  elasto-plastlo  ayatan. 

This  equation  is  based  on  the  equal  energy  concept  as  mentioned  in  Article  2) .  Com- 
paring the  above  equation  with  the  results  obtained  from  dynamic  analyses  on  sin<7lo  degree 
of  freedoro  systems  with  elasto-plastic  and  degrading  stiffness  load-deflection  relationship* 
It  is  evident  that  the  above  equation  may  be  an  upper  bound. 

For  determining  the  seismic  sub- index,  F,  given  in  Eq.  20,  the  same  approach  as 
MBtlonad  above  has  been  applied,  based  on  the  nm-linear  dynwnic  analyses  responding  to  the 
ground  aotioiiB  recorded  durliig  aevere  eerthguakea  carried  out  on  tbe  ainyle  degree  of 
fkeedOR  oeolllator  hawljig  dogxadliig  trl-llnaar  load-deflectloii  reletlonahlp  ulildi  — ewed  to 
be  •  tnploftl  loed-deflectlott  relatloMihip  of  relnfbroed  concreto  etmetaree* 

vte  reciprocal  of  the  aelCMle  eub'lndeiXf  I/Ft  in  this  erltorlon  Is  one  of  the  unper 
taoDd  for  the  ratio  of  tbm  yitid  sheer  factmr  of  degrading  trl-Xlnaer  q^stan  to  tbe  elastic 
qpeetral  response  acceleration. 

4)     Detenlolng  ttm  reqnlred  dtwtlUty  factor  of  structural  wasHiiara  of  aultlstocy 
f ranee  f ran  the  reiponee  dnotUl^  factor  obtained  f ton  mn-Uaear  ^^pnaaic  analyses  of  om 
nass  v«t«B* 

the  dnotllltY  flamnd  obtained  f  ran  tibe  non-lineer  diynanlc  reaponse  analysea  on  one 
•ass  ayatan  cannot  be  claimed  to  give  aa  aoeurate  assessment  of  the  ductility  danand  Of  eooh 
struct\iral  member  of  the  multistory  frame    responding  to  non-llnearly        strong  earth- 
quakes.    In  this  criterion,  however,  it  is  supposed  that  the  ductility  demand  of  each 
structural  member  is  assumed  to  be  the  same  as  the  response  ductility  factor  obtained  by 
the  non-linear  dynamic  analyses  of  one  mass  system. 

Many  experimental  studies  have  been  carried  out  recently  on  the  ductility  behavior 
of  the  flexural  yield  type  structural  members.    However,  there  are  still  a  lack  of 
Infotaation  eenceming  about  the  quantlatlve  eetlwatlon  of  allowable  ductility  In  accordance 
with  stroctnral  tetatls  of  the  MMbers*   ibe  eqoatfca  22  is  proposed  provisionally  far 
Mtlnatlon  of  the  alloweble  dnotUity  of  flexurel  ooiiana  with  aana  restricting  conditions 
in  nhiebductile  behavior  een  not  be  ea^ected* 

In  the  oases  of  unllSf  even  the  eiQerlnental  studies  on  the  dnetillty  bidiavloK  hanre 
not  been  perfbmed  sufficiently.   Therefore*  the  y-lndex  is  directly  given  by  Bg.  24 
for  walls  for  safe-side  estlnatlon  instead  of  the  estlnatlcn  of  F-indan  froa  the  allowable 
ductility  factor  as'  in  tiie  case  of  oolwns. 

9.6  BscennendstlQns  for  repairs  to  imnsove  the  eerthquake  reeiatant  Charaoteristics  of 
bnildings 

When  insufficient  seismic  safety  Of  buildings  comes  into  question  as  a  result  of  the 
a|ipllcatlon  of  this  oriterian«  aipproprlato  ragpalra  nay  be  required  f6r  iapKoving  the 
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MTttiquBlM  nsistant  cdMraotaristiM  of  W»m  buildinga.    ih*  i  >i  iHKiiilai  In  una  far  repair* 
mrm  also  provlted  for  tliia  pozpso**   ThAM  r»cic— tiflit  lintu  dMl  with  tin  porocMdurM  of 
s«ipaics  in  •oewdmea  with  •trwgth  rtfainawmts  or  dnetllity  raqiilrminta  of  tba  atnio^ 
tural  oaiibam.  flMi  iMtlnd  of  ovMliMitlng  the  sftlmle  safety  for  tiie  r<ip«lr«d  buUdlngst 
BOM  attontlon  for  tho  practice  of  nipairs*  and  soma  design  details  for  repairs  are  also 


Table  1.    Value  of  «2  ^i)^  ^3  in  ^«  3 


_  .  ^\The  lat 

2nd  or 

3rd  group  ^^°^iP^ 

IxtrsMiy 

short  column 

Shear  eoluau 

or  shear  wall 

nexaral  eoluan 

0,5 

0.7 

Fleruial  vaU 

0.7 

1.0 

Shear  colviDn  or 
shear  sail 

0.7 
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THUranBRillllS  THE  TBCBHOUOSt  FOR  1II1ID-RB8Z8XMIT 

bdzuhmss  to  dbveloping  goumtribs 
Noal  J.  Ranfaste,  Jr. 
National  Buraau  of  standards,  Gaitharabuxg,  Macyland 

ABSTMCT 

The  national  Boreau  o£  Standaxda  pM^act  to  davalop  lapKyvad  design  oritexia  I<ac  low- 
risa  bttlldlngs  to  better  resist  high  vinds  %ias  reeantly  oonpletad.    it  oontainad  tMO 
essential  parts.   Hie  first  inolnded  developing  tedinology  to  reduce  wind  danage  to  build- 
ings through  la(proved  building  praotioes.    The  seoond  part  centered  around  Baking  sure 
these  inproved  building  practices  aetnally  readhed  the  individuals  who  construct  and  live 
in  buildings.   The  latter  has  traditionally  received  ■iniwuni  attention.   Thia  paper  presmts 
a  method  £or  getting  'tiis  results  of  Oe  MBS  wind  research  to  tiie  building  coeBunity  irtiicSi 
includes  building  ami&Bm  and  users  lAo  need  it  lost.    A  3-level  asproaoh  to  this  nethod  is 
described.    The  asthod  used  can  be  a  nodel  for  otiier  research  projects  ained  at  tedwicalr 
seni-technioal*  or  even  8ead'4iterate  audiences. 

UXMUMUBs    BnildingSr  design  criteria^  developing  countries  #  technology  transfer #  wind- 
loads 
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HRRODOCnOH 


This  paper  aiscnssm  vf fbrta  in  transfeErlng  the  technloal  xsniltfl  on  tlM  mti^et  of 
wijid  on  loir>rlse  buildings  in  developing  countries  to  the  local  building  comniallgf  and  to 
bam&emMn  and  low-technology  craftawui  who  often  build  their  dwellings  from  local  naterialB. 
The  homeowner  and  craftsmen  group  generally  do  not  understand  the  highly  technical  results 
produced  by  this  project;  but  they  want  a  method  to  keep  their  home  from  collapsing  in  a 
storm.    One  component  of  this  project  attempted  to  do  just  that  —  to  transfer  project 
information  to  the  general  public.    Actual  use  of  tbis  technology  by  the  general  public 
will  demonstrate  the  real  payoff  of  the  research. 

The  Center  for  Building  Technology,  of  the  U.S.  National  Bureau  of  Standards   (NBS) , 
recently  completed  this  three  and  a  half  year  study  of  the  effect  of  wind  on  low-rise 
buildings.     The  project  sponsored  by  the  Agency  for  International  Development  was  aimed  at 
iiqproving  building  practices  —  in  high  wind-prone  developing  nations  worldiride.  Two 
previous  papers  disovws  ti»e  teohnioal  aiipeote  of  this  stoay  -~  "High  wind  Stik^  In  the 
PhUicpiiwe***  and  *lliiid  losds  on  Lotr-RUe  Buildings, "  publisbed  in  the  UBS  i^ial.  Mbli- 
cations  470  and  477,  botii  titled  Wind  and  Seisadc  Bffecte.   Hm  papers  were  preeented  at 
the  7tii  and  6th  joint  aeetings  of  the  US/Japan  Panel  on  Natural  Reaouroea*  raoeotively. 

NMt  of  the  data  oolleotion  activities  (full-scale  and  iilnd-tunnel  eiveriaents)  were 
eentered  In  1±e  Phlllppinee.    Vhie  wee  the  hoet  ooontryi  ita  anviron—pt  provided  a 
natural  vlnd  laboratory,  lihere  was  a  significant  technical  oentrlbution  kgr  the  local 
Shlllpplne  httildlttg  ooaanmi^,  represented  hf  tiie  pcojeete  looel  coordiaatlng  group  knoMn 
ae  the  VhlUppiae  advisory  OoaMd.tteei  (high  level  offleiele  fvon  the  private  end  govem- 
■snt  building  organisations)  in  all  shaaes  a£  the  atudy.   Alao«  tiie  otiier  participating 
oountriea  (Jaaaieaf  Bwngi  ailash)  oonatently  aaked  about  the  relevance  of  our  reaearOh  to 
local  codes  snd  standarda,  building  materlalar  and  soolo-'econaed.c  aspects  of  their  coun- 
tries.   The  project  team  recognized  that  the  research  results  be  consistent  «ith«  sensitive 
to,  and  relevant  to  ia^roving  local  building  practices. 

The  project  developed  improved  design  criteria  for  wind  loads  on  buildings;  provided 
technical  material  to  serve  as  the  basis  for  better  building  practices;  produced  a  method 
to  estimate  extreme  wind  speeds;  and  documented  essential  information  in  the  areas  of 
design  wind  speeds  and  pressure  coefficients,  economic  forecasting,  socio-economic  and 
architectural  concerns,  and  construction  detailing  practices.    These  results  are  described 
in  the  next  section. 


Throe  levels  of  information  were  developed  to  reach  three  major  audience  classes.  At 
the  first  level,  highly  technical  Information  is  aimed  at  technical  groups  responsible  for 
producing  similar  complementary  research  <uid  for  iBtplenenting  disaster  mitigation  programs. 
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For  this  grov^  a  5-volume  report.  Building  to  Resist  the  Effect  of  Wind^,  was  produced 
d«t«13.«d  tbm  research  progress  md  tedmlcal  outputs. 
Tbm  saoood  Isvsl  of  Infonatlon  is  aiMd  at  looal  faulldars  and  hoBS  ownars  who  hand- 
craft bouses  on  a  linitod  scale.   For  then,  guidelines  were  pioduoedf  43  Rules  -  How 

2 

Houses  Can  Better  Besist  Hlql^  lBlfl|j|l  .   Vhese  43  rules  were  designed  to  »ake  the  technioal 
results  more  understandable  and  useable  tor  those  oonoezned  with  iwplewenting  only  general 
building  practices. 

The  third  level  of  infosnntion  is  ained  at  the  general  public.    She  neditas  is  a  2«- 
color  poster  that  illnstretes  through  siivle  and  bold  greshlcs«  wind  haserdst  and  presents 
four  awthods  to  reduce  d«Mge  and  injury  — -  and  soat  iapcxtant  —  tells  where  to  go  for 
anxe  infcniation.   As  with  the  43  Rules  it  was  designed  to  be  reprinted  in  local  languages. 

Level-One  Information;    Highly  Technical  Audience 

Technical  results  were  published  in  five  cosipanion  volumes.    Contents  of  each  volume 
are  sunnarized.    "Bstiaation  of  Extrene  Wind  Speeds  and  Guide  to  the  Determination  of  Wind 
Porees,"  revieirs  probabilistic  tedmiqiMs  for  tiie  anelysis  of  existing  data  and  tho  selec- 
tion of  design  wind  speeds.   Siaiplif ied  procedures  for  the  calculation  of  wind  pressure 
acting  on  building  surfttees  were  developed.   •Bkmn  procedures  and  associated  design 
criteria  provide  building  professionals  witti  mre  reliable  design  loads,   the  data  can 
fom  the  basis  for  wind  load  design  codes  and  standards  in  developing  countries. 

"A  Guide  for  Dqproved  Masonry  and  Tiirttw  Ocnnections  in  Buildings*"  presents  reoasmen- 
datioBS  fox  good  ooastruetion  practices  and  details*  especially  for  countries  experiencing 
extrene  wind.    The  report  serves  as  e  reference  for  inpcoving  building  practices. 

"Forecasting  the  Scononics  of  Housing  Keedst   A  Mettiodologieal  Guide*"  presents  a 
nethod  for  a  nation's  plannerSf  eoononietSf  public  officials*  end  other  decision  nokers  to 
assess  housing  needs  for       to  20  years  into  the  future. 

Information  on  the  cultural  and  socio-economic  factors  that  affect  building  practices 
was  developed  as,   "Housing  in  Extreme  Winds:     Socio-Econonic  and  Architectural  Considera- 
tions."   The  report  discusses  how  strong,  inexpensive,   locally  available  building  materials 
can  be  integrated  with  good  building  design.    The  report  addresses  the  Philippines* 
Jamaxca  cind  Bangladesh. 

An  "Overviei^  volume  containing  an  executive  sxamary  serves  as  an  Introduction  and 
baofegxound  to  the  technioal  naterial.    It  was  developed  for  tiie  decision  maker  who  may  not 
have  the  tine  to  read  ^  substantive  technical  material  of  the  other  fbur  volumes  yet  is 
sufficiently  familiar  wii^  the  project  to  direct  his  staff  to  particttlar  volumes  of 
interMt. 


^The  Building  Science  Secies  100,  Building  To  Resist  The  Effect  of  Wind*  Volumes  1-5 
may  be  purchased  from  the  Superintendent  of  Oocunsots*  U.S.  Qovei'iwnnt  Printing  Office* 

Washington,  DC  20402. 

2 

This  report  may  be  ordered  as  NBSIR  77-1197  under  its  title  £n»  the  Hational  T^tf 
nical  in£o£mation  Service,  5285  Fort  Royal  Road,  Springfield,  VA  22161. 
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A*  tb»  t>d«lc»l  r«milt«  mrm  iMing  developed  enc^liMis  was  placed  oni  1}  producing 
data  that  oould  be  devaloiMd  into  perfonMnoe  criteria  (focueee  on  uaer  requiroMnte  and 
the  attrilmtee  necesaaxy  to  aatiafy  than)  and  2}  ^oduclng  reproducible  nodela. 

LerelHPwo  inCorBations   Semi-Tedmical  Auaiwoe 

A  second  or  Intenwdiate  level  of  material  was  developed  for  local  housing  agenclee# 
builders,  and  building  ovDwre*    This  material,  43  Rules  -  Hoy  Houses  Can  Better  Heaist 
High  Wind,  is  a  guide  presenting  ways  to  better  design  new  and  existing  buildings,  fhe 
infometion  is  presented  in  a  numner  for  tremslation  into  a  local  country's  lamguage. 

The  audience  can  be  considered  the  middle  level  of  the  housing  trade,  such  as  the 
local  builder,  contractor,  designer,  housing  authority.    For  then,  especially  in  developing 
nations,  code  enforcement  is  not  the  problem,  just  simple,  safe  practices  are.  This 
report  provides  suggestions  to  improve  building  practices.     For  example,  local  housing 
authorities  and  lending  institutions  will  learn  from  43  Rules  that  houses  with  lengthy 
roof  overhangs  will  need  special  precautions  such  as  tie-downs  and  learn  that  buldings 
with  long  roof  overhangs  should  be  designed  in  a  manner  that  permits  wind  to  pass  through. 
Alao,  they  will  £lnd  that  roofa  ahould  be  designed  with  elopes  ^i^pioaching  30  degreea 
since  thia  angle  niniBliea  wind  danagea. 

JInother  intended  target  of  this  publication  is  the  leader  (often  unofficial)  of  local 
political  units,  called  in  the  Philippines,  "barrios*  —  although  audi  units  occur  on  a 
worldwide  basis.    If  this  individual  reads  ths  43  Rules  he  is  in  a  good  position  to 
encourage  his  jurisdiction  to  adopt  tpBKopKiaf  reeonaeadatlons  to  inprove  building 
praetlcea  foe  new  bulldinge  and  the  use  of  certain  retrofit  preotlcee  for  use  on  ^tttiwy 
buildings,    to  reach  thia  rather  fecial  audlenoer  43  Rulea  could  be  minted  in  local 
languages.    Likewise,  43  Rules  can  be  ueed  by  squatt«;  and  noneguatter  aettlenents  and 
alao  can  be  used  to  iaprove  pittlio  buildings  (auefe  aa  schools  and  comunilgr  centera}  and 
«ulti-faMily  dwellings. 

3 

X  1976  award-winning  16  an,  18  Mnnte  color  novle  ,  alao  was  peodueed  by  mb8  to 
educate  the  audienea  that  iafomation  is  available  to  reduce  wind  danagea  to  buildings  and 
inform  the  audience  about  how  the  infomation  was  developed. 

Level-Three  Infonaationt    Lay  Audience 

A  poster^  waa  produced  Uiat  grephlcally  delete  daaagea  due  to  wind.    It  ia  baaed  on 
iafomation  learned  during  this  three  and  a  half  year  reaeareh  project.   The  idea  to 
develop  thia  poater  was  based  on  infomation  learned  f ron  frequent  diecusslone  with  neabera 
of  the  various  participating  oountrlaa  and  on  feadbaok  from  two  ireglenal  eonferaneea  i4teK« 
draft  project  results  were  ecsBMnicated  and  diacuaeed  (Manila,  Fhilippinea  and  Kingston, 
Jaaaioa) . 


Available  on  free  loan  from  Association  Sterling  Films,  600  (^and  Avenue,  Ridgefield, 
MJ   07657  or  may  be  purchased  from  the  national  Audio-Visual  Center,  General  Services 
Adidnlstration,  Weahington,  DC  20409. 

^Oopiea  of  the  poster  are  available  from  the  author  at  the  Rational  Bureau  of  Standarda, 
Center  for  Building  Vechnology,  Meshington,  DC  20234. 
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flM  oonf •rvnctt  audiMiewi  ««r«  eomgoatd  of  s«ipres«intativ«s  of  th«  building  cwiwinity 

(architects)  AnginMKSi  r<igiilAtoey»  codes  and  standards  officials;  academia;  manufacturorsf 
builders  and  ooatxactors;  government  agencies;  and  building  users) .    They  believed  if 
rotMXcb  (any  research)  is  to  have  a  significant  impact  on  the  entire  oountry*  MiCh  citisan 

nost  be  able  to  benefit  directly  from  it  and  be  able  to  implement  the  research  results. 

The  poster  was  designed  as  an  educational  tool  to  illustrate  critical  principles  of 
improved  building  practices  and  most  importantly  to  identify  a  local  contact  for  additional 
Information.    It  is  printed  xn  two  sizes;  the  smaller  size  for  interneil  office  use  and  the 
largar  ona  for  hanging  on  fences  or  telephone  poles. 


In  the  United  States,  Japan  cind  other  developed  countries,  the  building  codes  and 
standards  systems  are  aimed  at  protecting  the  public  health,   safety,  and  general  welfare 
as  they  relate  to  the  construction  and  occupancy  of  buildings.     Results  from  this  project 
wxjlI  jidve  an  impact  on  those  codes  and  standards  dealing  with  wind  loads.     When  building 
research  takes  place  in  developed  countries,   its  results  normally  find  their  way  into 
practices  by  way  of  the  law.    In  developing  countries,  thxa  usually  is  not  the  Case. 

TlM  reaearcdi  oovaced  by  this  project  (applicable  to  both  daralepad  and  davaloplng 
eomttxijtm}  dmlZ  in  part  witb  apaaata  that  la  daiveloping  oountriaa  baa  littla  coda  aidEoKoa- 
■ant.    Thua,  for  thaaa  uanra  to  laplanant  tba  reaaardif  thay  nist  be  nade  auara  of  the 
infonatlon^  laam  how  to  obtain  tbm  data^  and  ba  infornad  how  to  initiata  inprovlng  thoir 
baildinig  praotieas. 

Ihla  E^kasa  of  the  pxojaet  addrasaad  tha  traditional  rola  of  "taehnology  tranafar." 
HOwavar,  it  waa  alAad  ky  elaasifyiag  tbm  anOianoo  Into  thraa  lavala  and  than  oarafully 
tailoring  tha  raaolta  to  Met  aaoh  andianca'a  naada. 
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.  .  .  the  monthly 
magazine  of  the  Nation- 
al Bureau  of  Standards. 
Still  featured  are  special  ar- 
ticles of  general  interest  on 
current  topics  such  as  consum- 
er product  safety  and  building 
technology,  in  addition,  new  sec- 
tions are  designed  to  .  .  .  PROVIDE 
SCIENTISTS  with  illustrated  discussions 
of  recent  technical  developments  and 
work  in  progress  .  .  .  INFORM  INDUSTRIAL 
MANAGERS  of  technology  transfer  activities  in 
Federal  and  private  labs.  .  .  DESCRIBE  TO  MAN- 
UFACTURERS advances  in  the  field  of  voluntary  and 
mandatory  standards.  The  new  DiMENSIONS/NBS  also 
carries  complete  listings  of  upcoming  conferences  to  be 
held  at  NBS  and  reports  on  all  the  latest  NBS  publications, 
with  information  on  how  to  order.  Finally,  each  Issue  carries 
a  page  of  News  Briefs,  aimed  at  keeping  scientist  and  consum- 
alike  up  to  date  on  major  developments  at  the  Nation's  physi- 
cal sciences  and  measurement  laboratory. 

(picMC  dMach  here) 
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sr  my  Subscription  To  DIMENSIONS/NBS  at  $12.50.  Add  $3.15  for  foreign  mailing.  No  additional 
tage  is  required  for  mailing  within  the  United  States  or  its  possessions.  Domestic  remittances 
uld  be  made  either  by  postal  money  order,  express  money  order,  or  check.  Foreign  remittances 
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NBS  TECHNICAL  PUBLICATIONS 


PERIODICALS 

OURNAL  OF  RESEARCH— The  Journal  of  Research 
)f  (he  National  Bureau  of  Standards  reports  NBS  research 
md  development  in  those  disciplines  of  the  physical  and 
:ngincering  sciences  in  which  the  Bureau  is  active.  These 
ncludc  physics,  chemistry,  engineering,  mathematics,  and 
lomputer  sciences.  Papers  cover  a  broad  range  of  subjects, 
vith  major  emphasis  on  measurement  methodology,  and 
he  basic  technology  underlying  standardisation.  Also  in- 
iludcd  from  time  to  time  are  siirvey  articles  on  topics  closely 
elated  to  the  Bureau's  technical  and  scieniific  programs.  As 
t  special  service  to  subscribers  each  issue  contains  complete 
•ilations  to  all  recent  NBS  publications  in  NBS  and  non- 
SBS  media.  Issued  six  limes  a  year.  Annual  subscription: 
lomeslic  $17.00:  foreign  $21.25.  Single  copy.  $3.00  domestic: 
13.7$  foreign. 

NJole:  The  Journal  was  formerly  published  in  two  sections: 
iection  A  "Physics  and  Chemistry"  and  Section  B  "Mathe- 
natical  Sciences." 

D I M  F.  N  SIGNS/  N  BS 

This  monthly  magazine  is  published  to  inform  scientists, 
mgineers,  businessmen,  industry,  teachers,  students,  and 
;onsumcrs  of  the  latest  advances  in  science  and  technology, 
*ith  primary  emphasis  on  the  work  at  NBS.  Ihc  magazine 
iighliphis  and  reviews  such  issues  as  energy  research,  fire 
protection,  building  technology,  metric  conversion,  pollution 
abatement,  health  and  .safety,  and  consumer  product  per- 
formance. In  addition,  it  reports  the  results  of  Bureau  pro- 
grams in  measurement  standards  and  techniques,  properties 
3f  matter  and  materials,  engineering  standards  and  services, 
instrumentation,  and  automatic  data  processing. 

Annual  subscription:  Domestic.  $11.00;  Foreign  $13.75 

NONPERIODICALS 

Vloaograplis — Major  contributions  to  the  technical  liter- 
ature on  various  subjects  related  to  the  Bureau's  scientific 
and  technical  activities. 

Handbooks — Recommended  codes  of  engineering  and  indus- 
trial practice  (including  safety  codes)  developed  in  coopera- 
tion with  interested  industries,  professional  organizations, 
pind  regulatory  bodies. 

Special  Publications — Include  proceedings  of  conferences 
sponsored  by  NBS,  NBS  annual  reports,  and  other  special 
publications  appropriate  to  this  grouping  such  as  wall  charts, 
pocket  cards,  and  bibliographies. 

Applied  Mathematics  Series — Mathematical  tables,  man- 
uals, and  studies  of  special  interest  to  physicists,  engineers, 
chemists,  biologists,  mathematicians,  computer  programmers, 
and  others  engaged  in  scientific  and  technical  work. 
National  Standard  Reference  Data  Series — Provides  quanti- 
tative data  on  the  physical  and  chemical  properties  of 
materials,  compiled  from  the  world's  literature  and  critically 
evaluated.  Developed  under  a  world-wide  program  co- 
ordinated by  NBS.  Program  under  authority  of  National 
Standard  Data  Act  (Public  Law  90-396). 


NOTE:  At  present  the  principal  publication  outlet  for  these 
data  is  the  Journal  of  Physical  and  Chemical  Reference 
Data  (JPCRD)  published  quarterly  for  NBS  by  the  Ameri- 
can Chemical  Society  (ACS)  and  the  American  Institute  of 
Physics  (AIP).  Subscriptions,  reprints,  and  supplements 
available  from  ACS.  1155  Sixteenth  St.  N.W.,  Wash.,  D.C. 
20056. 

Building  Science  Series — Disseminates  technical  information 
developed  at  the  Bureau  on  building  materials,  components, 
systems,  and  whole  structures.  The  series  presents  research 
results,  lest  methods,  and  performance  criteria  related  to  the 
structural  and  environmental  functions  and  the  durability 
and  safety  characteristics  of  building  elements  and  systems. 

Technical  Notes  —Studies  or  reports  which  arc  complete  in 
themselves  but  restrictive  in  their  treatment  of  a  subject. 
Analogous  to  monographs  but  not  so  comprehensive  in 
scope  or  definitive  in  treatment  of  the  subject  area.  Often 
serve  as  a  vehicle  for  final  reports  of  work  performed  at 
NBS  under  the  sponsorship  of  other  government  agencies. 

Voluntary  Product  Standards — Developed  under  procedures 
published  by  the  Department  of  C^ommcrce  in  Part  10, 
Title  15,  of  the  Code  of  Federal  Regulations.  The  purpose 
of  (he  standards  is  to  establish  nationally  recognized  require- 
ments for  products,  and  to  provide  all  concerned  interests 
with  a  basis  for  common  understanding  of  the  characteristics 
of  the  products.  NBS  administers  this  program  as  a  supple- 
ment to  the  activities  of  the  private  sector  standardizing 
organizations. 

Consumer  Information  Series — Practical  information,  based 
on  NBS  research  and  experience,  covering  areas  of  interest 
to  the  consumer.  Easily  understandable  language  and 
illustrations  provide  useful  background  knowledge  for  shop- 
ping in  today's  technological  marketplace. 

Order  above  NBS  publications  front:  Superintendent  of 
Documents,  Government  Printing  Office,  Washington,  D.C. 
20402. 

Order  foUowing  NBS  puhlicatiom—S'BSIR  s  and  HPS  from 
the  National  Technical  Information  Services.  Springfield. 
V'li.  22161. 

Federal  Information  Proressins  Standards  Publications 
(FIPS  PUB) — Publications  in  this  series  collectively  consti- 
tute the  Federal  Information  Processing  Standards  Register. 
Register  serves  as  the  official  source  of  information  in  the 
Federal  Government  regarding  standards  issued  by  NBS 
pursuant  to  the  Federal  Property  and  Administrative  Serv- 
ices Act  of  1949  as  amended,  Public  Law  89-306  (79  Stat 
1127),  and  as  implemented  by  Executive  Order  11717 
(38  FR  12315,  dated  May  11,  1973)  and  Part  6  of  TlUc  15 
CFR  (Code  of  Federal  Regulations). 

NBS  Interagency  Reports  fNBSIR) — A  special  series  of 
interim  or  final  reports  on  work  performed  by  NBS  for 
outside  sponsors  (both  government  and  non-government). 
In  general,  initial  distribution  is  handled  by  the  sponsor; 
public  distribution  is  by  the  National  Technical  Information 
Services  (Springfield,  Va.  22161)  in  paper  copy  or  microfiche 
form. 


BIBLIOGRAPHIC  SUBSCRIPTION  SERVICES 


The  following  current-awareness  and  iilcralurL-survey  bibli- 
ographies are  issued  periodically  by  the  Bureau: 
Cryogenic  Data  Center  Current  Awareness  Service.  A  litera- 
ture survey  issued  biweekly.  Annual  subscription:  Domes- 
tic, $25.00;  Foreign,  $30.00. 
Liquified  Natural  Gas.  A  literature  survey  issued  quarterly. 
Annua!  subscription:  $20.00. 


Superconducting  Devices  and  Materials.  A  literature  survey 
is.sued  quarterly.  Annual  subscription:  $30.00.  Send  subscrip- 
tion orders  and  remittances  for  the  preceding  bibliographic 
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